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ABSTRACT 
Alpha-induced prompt gamma-rays generated by excitation, 
or in nuclear reactions, were studied for 57 elements, to 
select those elements having gamma-rays of sufficient 
intensity for analytical application. Several light, 
medium and heavy elements show promise. Of these nitrogen, 
fluorine, mangane~e and vanadium were sel~cted for more 
detailed study. The applicability of this technique was 
tested by studying the determination of fluorine in 
cements and of nitrogen, vanadium and manganese in steels. 
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INTRODUCTION 
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INTRODUCTION 
The demand for rapid, accurate analyses which has grown 
quickly in recent years, has led to the development of many 
new analytical techniques. The field of nuclear analytical 
chemistry has been in the forefront of this search and 
many techniques previousiy restricted to the highly special-
ised nuclear laboratory are now increasingly applied to 
practical problems. 
Activation analysis, since its early beginnings in 1936 
[He 36], has become the best established of nuclear analytical 
techniques. The bulk of applications have made use of neutron 
activation but some years ago the use of charged-particle 
activation became mcir~ widespread. More recerttly the 
spectrometry of prompt products from nuclear reactions for 
analytical purposes has resulted in the development of a 
parallel field, where apvlicability of the technique is no 
longer related to the radioactive properties of the product 
nucleus. As a result, reactions which produce stable nuclides, 
without long-lived metastable states, and which were therefore 
I 
1 
entirely useless for ~ctivation analysis can now be applied with 
advantage. In addition, there is no need for using rapid 
transfer equipment if the product is very short lived and data 
may be accumul~ted at a constant rate throughout the period of 
measurement. 
The main general ~isadvantage of charged-particle activation 
! ' 
is that the partiple energy is degraded rapidly along the 
path through the target. Therefore only the outer surface 
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layers are analysed and the resuits are only valid if the 
sample is homogeneous. In addition, since the emission · 
counted is from a particular excited state, the cross-
section for the reaction only constitutes a fraction of 
the total cross-section for activation, which measures 
the total yield of radioactive product, irrespective of 
the excited states in w~ich it was produced. 
CHARGED-PARTICLE REACTIONS 
The main applications of charged-particle reactions for 
analysis have been the determination of the light elements. 
The height of the Coulomb barrier precludes the determination 
of the heavier elements except by the use of very high-
energy bombarding beams. 
The course of a nuclear reaction can be represented diagram-
matically as in Figure 1. 
Ex-------------/--~---lnt~~~idiat=-~-----F----
Qi <O 
Figure 1. 
A 
Target 
----------: 
Oi >O 
-----_ __,_______.___! ~ 
B 
Product 
Schematic representation of the nuclear reaction 
A(a,by)B by compound nucleus formation showing 
the kinetic energies involved and the energies of 
the g1amm~-rays produced. E is the exci ta ti on 
I X 
energ1y of the compound nucleus, ,,·hich is the sum 
of the binding energy and a term proportional to 
the kinetic energy, Ea, of the bombarding particle. 
2 
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The target nucleus ~ is bombarded with particle ~ of energy 
Ea. At the time the reaction occurs it may be considered 
that an intermediate nucleus is produced from which prompt 
particles are emitted to produce the product nucleus ~' 
either in its ground state or an excited state. The energy 
of the prompt particle ~decreases as the excitation energy 
of the product ~' increases. If the reaction yields excited 
nuclei the emission of prompt particles b. will be followed 
1 
by the decay of the excited levels to the ground state or 
some long-lived metastable state through the emission of 
prompt gamma-rays E as shown in the figure. The Q.-value y 1 
for the reaction A(a,b.)B is given by the energy difference 
1 
between the ground state of the target nucleus and the 
particular excited state i of the product B. 
The spectrometry of the prompt gamma-rays resulting from 
charged-particle reactions has been used increasingly for 
elemental analysis. Much of this work has used the resonances 
which occur in the excitation functions of some reactions. 
The high cross-sections at the resonance energies have been 
utilised to increase the sensitivities of analysis, a 
technique which has been applied particularly to the analysis 
of fluorine, using the resonances in the reaction 
19f(p,ay)l6Q [eg. Mo 67, Be 69, Ga 72 and Ma 73]. In this 
case the gamma-rays have such high energies (6-7 MeV) that 
very little background is observed and thus the analytical 
sensitivity is high. The use of beams having energies 
higher than the resonance energy permits the determination 
of the desired nuclide at that predetermined depth within 
the sample where the energy of the beam is reduced to the 
3 
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• 
• 
• 
• 
.. 
resonance energy. Hence by changing the bombarding energy 
the concentration of the nuclide as a function of depth, 
that is, the concentration profile, can be determined. 
Many of the lighter elements, and even as far as nickel, 
copper and zinc [De 73, Bo 77], have been analysed by the 
use of (p,y) and other proton-induced reactions [eg. De 72a, 
Go 72]. However, little use has been made of alpha-particle 
bombardment. The Coulomb barrier for alpha particles is 
much higher than for protons or deuterons, hence at energies 
of a few MeV, alpha particles cause reactions with far fewer 
nuclei. Generally the cross-section for 5-MeV alpha particles 
falls to a negligible level if the atomic number exceeds 16, 
although reactions with vanadium (Z = 23) are reported here 
(Chapter III). When therefore alpha-particle induced 
reactions are used for analysis, int e r f erence f rom the 
heavier nuclides is much reduced. 
COULOMB EXCITATION 
The excitation of atomic nuclei to discrete (bound) low-
lying energy levels (of the order of 1 MeV or less) by the 
Coulomb field of moving, heavy, charged particles is known 
as Coulomb excitation [He 56]. The occurrence of this type 
of process was claimed as early as 1921 [Sl 21] but it was 
not until 1953 that unquestionable evidence for the excita-
tion of nuclei by the purely electromagnetic interaction 
between passing charged particles and the nuclear protons, 
was reported [Hu 53, Mc 53]. Since then, use of Coulomb 
excitation has revealed a number of new properties of 
4 
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low-lying nuclear excited states and the method has become 
one of the most powerful tools for the study of many 
properties of stable nuclei. 
There are essentially two methods for the detection of this 
inelastic scatter process 
(a) detection of the inelastic group or groups of 
particles, or 
(b) detection of the radiation emitted from the excited 
nuclear state or states resulting from the nuclear encounter. 
This radiation consists of de-excitation gamma-rays and 
internal conversion electrons. 
By far the most extensive research using Coulomb excitation 
has been carried out with protons and alpha-particle beams 
from Van der Graaf£ accelerators. The effect has only 
been observed in a few isolated instances under cyclotron 
bombardment, mainly because of the unfavourable background 
conditions. Generally the bombarding energy is limited to 
values well below the Coulomb barrier. In this way reaction 
and consequent formation of a compound nucleus is avoided, 
thus facilitating the interpretation of results. 
An outstanding feature of the nuclear spectra revealed by 
Coulomb-excitation studies is the systematic occurrence 
throughout the periodic system of low-energy electronic 
quadrupole transitions of a strength greatly exceeding that 
which would be associated with excitation of a single 
II 
nucleon [Al 56]. Most elements exhibit EZ transitions of 
a strength more than 10 times that for a single nucleon 
and in certain regions, transitions occur with a probability 
s 
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exceeding this amount by a factor of more than 100. These 
enhanced transitions are due to the co-operati v e effects 
of a large number of nucleons and most of the observed 
levels can be interpret~d in terms of simple collective 
excitations of a rotational or vibrational nature [Al 56]. 
The cross-sections for magnetic excitation are very much 
smaller than for electric excitation therefore, even in 
cases where the radiative de-excitation process takes place 
by a mixed Ml and E2 transition, the excitation will almost 
always be of E2 type [Al 56]. 
Although the a priori El excitation probability is typically 
some 300 times larger than that of E2 excitation with 
similar factors applying for successively higher multi-
polarities, there are two main reasons against the observa·-
tion of these transitions [He 56]. These are : 
(a) the scarcity of states of opposite pol arity within 
a few hundred kilovolts of the ground state, and 
(b) because even those rel a tively few El transitions 
which have been observed in the low-energy nuclear spectra 
have in most cases transi tio
1
n probabilities ma ny orders of 
magnitude smaller than typical E2-type values. 
By contrast E2 transitions are often strongly e nhanced as 
mentioned earlier, thus it is that E2 transitions are of 
special importance in Coulomb excitation and the overwhelming 
majority of obs e rved excitations have been of this type 
[Al 56]. The tr~nsitions therefore connect the ground state 
I 
with excited stat:es of the same parity and spins (respectively 
I and I*) which obey the selection rule p~j! -I*l ~ Z where 0 0 
6 
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p = 2,1 or 0 according to whether 10 = O, ! or >! [He S6]. 
The only notable transition which is not of EZ in character 
is the weak El excitation of the 109-keV first excited 
state of 19 F [Sh S4, Mi SS]. The intensity of the 109-keV 
gamma-rays in the spectra shown in this work results from 
the cascading of other higher excited states decaying to the 
ground state by means of the 109-keV state. 
The total cross-section for EZ excitation is given by 
[St 63] 
= (~)2 
1'i. v . 
1 
where a is half the distance of closest approach in a 
head-on collision, B(EZ, Ji + Jf) is the reduced EZ trans-
ition probability (numerical values for many nuclides are 
tabulated in Ref. Al S6), 
the classical orbits and 
of the excited state. The 
fE 2 (~) is an integral taken over 
~ = a6E where 6E is the energy 1\v. 
1 
projectile has charge Z1e and 
v. is the initial relative velocity of projectile and 
1 
target nuclei. Quantum-mechanical treatment only results 
in the replacement of fEZ(~) with fE 2 Cni~) where ni is the 
Sommerfeld number. Numerical values for both fEZ(~) and 
fE 2 Cni~) may be found in Ref. Al S6 (and references contained 
therein). 
In the case of thick-target Coulomb-excitation experiments 
the yield using protons is always larger than that obtained 
using heavier particles of the same energy, due to the 
longer range of the protons [Al S6]. However, there is a 
7 
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good reason for the selection of alpha particles as the 
means of excitation. The background radiations produced 
by alpha-particle bombardment are, in general, considerably 
smaller than those produced by protons. This background 
arises from nuclear reactions leading to the same gamma-
ray transition or to other gamma-rays causing undesirable 
background in the detector. In addition, bremsstrahlung 
from the bombarding particle gives rise to a continuum of 
gamma radiation and characteristic X-rays are emitted from 
the target. All these effects are minimised by the use 
of the heavier particles [He 56]. 
An appreciable fraction of the X-radiation emitted under 
bombardment is projectile-independent. It results from 
the filling of an electron site vacated by the internal 
conversion of a Coulomb-excited gamma transition. For 
example, in the case of 181Ta excited by alpha particles, 
nearly all of the Ta K X-rays are accounted for by this 
process [He 56]. 
NOMENCLATURE OF GAMMA-RAYS 
Prompt gamma-rays are emitted from the product nucleus 
of a reaction but the analyst is really concerned with that 
component of the sample on which the nuclear reaction was 
carried out. Accordingly, for analytical purposes, it is 
more meaningful to label spectral peaks with the target 
nucleus. In defining the conditions of the analysis the 
nature of the bombarding beam is known, and need not be 
stressed, thus the reaction is uniquely identified if the 
8 
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light product particle is given. Accordingly the following 
convention is used for peak assignment [Pe 74]. 
In the nuclear reaction A(a,by)B, peak assignment is 
written Ab(r,s) where b is the prompt light particle of 
the reaction and the gamma-ray quantum is emitted by the 
de-excitation of the heavy product from level £to level 
s. If the target nucleus can be inferred unambiguously 
it may be omitted. 
An example of the use of this conventio~ is illustrated in 
Figure 2. 
When the gamma-ray peak under consideration arises from a 
reaction not directly induced by the incident beam then 
both incident and product particles are specified. 
All prompt gamma-ray peaks in spectra reported here are 
labelled accqrding to this convention. 
CORRECTING FOR RANGE EFFECTS 
When charged particles are used to analyse thick, homogeneous 
samples, the yield of the measured nuclear product depends 
on the number of nuclei of the required element encountered 
along the path of the bombarding beam. This number is 
itself determined by the concentration of the element and 
the range of the bombarding particles in the target material. 
Since analysts are usually interested in the concentration, 
a knowledge of the range is required. Because this parameter 
is difficult to determine one usually resorts to one of the 
9 
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Figure 2 
"'-----5 
...., ____ 4 
1 
-----0 
22Ne 
19F p (3, 1) 
An example of the convention for labelling 
prompt gamma-rays, when the bombarding 
particle is implicitly known. 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
following three approaches : 
(a) the experimental procedure of the "equivalent 
thickness" method [En 65]; 
(b) the semi-empirical calculation of the "average 
cross-sectio~' method [Ri 65, Ri 67]; 
(c) comparison with standards [Si 60], where it is 
assumed that the stopping power of the standard is approx-
imately equal to that of the unknown sample. 
None of these prqcedures can be used alone when the compo~ 
sition of samples in a batch is unknown and varies markedly, 
but the number of samples of any one type is too small to 
warrant the manufacture of a suitable comparison standard. 
If it is assumed that only the major components of a 
complex matrix contribute appreciably to its stopping power, 
and that the error introduced by ignoring minor and trace 
components is negligible compared to the accuracy of the 
analysis being undertaken, it then becomes possible to 
carry out a range correction. Use of the method of the 
"average cross-section" relates the range in the matrix, to 
the weight fractions of, and ranges in, each of its component 
elements. The latter ranges may be obtained from tables 
calculated for the elements [Wi 66, No 70]. The empirical 
composition may be deduced from a Rutherford backscattering 
spectrum of the thick target, by consideratiori of backscatter 
events in the surface and near-surface layers of the target 
where penetration is minimal and energy losses within the 
sample can be neglected. A disadvantage of using Rutherford 
backscattering is the fact that the backscatter cross-
10 
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sections for light elements are relatively very small. 
However, the ease with which the heavier elements can be 
determined and an empirical composition deduced are such 
important advantages that they outweigh the above dis-
advantage. In addition, it is seldom that the nature of 
the sample is entirely unknown. In many metal samples, 
for example, the analyst knows that he can safely ignore 
the presence of light elements in range calculations because 
their concentrations are too low to affect the accuracy 
of his result. On the other hand, geological material 
is likely to contain oxides, the presence of which can 
safely be taken into account from a knowledge of the 
metal composition, even though the observed spectrum gives 
only slight indication of the presence of oxygen because 
of its low backscatter cross-section. 
Principle of the method 
The use of the prompt products of charged-particle 
irradiation for the analysis of a given element is based 
on the fact that the number of such product particles 
is directly proportional to the number of atoms of that 
target element present in the sample. Generally applications 
of prompt-product spectrometry rely on bombardment of 
standards of known composition under the same conditions as 
the sample, thus relating induced activities to concentra-
tions by a comparator technique. However, whilst neutrons 
and photons penetrate matter easily, enabling sample sizes 
to be chosen such that flux variations and energy distribu-
tion changes are negligible, charged particles are easily 
11 
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stopped. Ranges of 5-MeV alpha particles in common 
materials are typically of the order of 44 µm (calcuim) 
and hence the nuclear reaction cross-section varies with · 
depth as the charged-particle energy is degraded in the 
sample. 
The stopping power -d0: dx of a given medium [Ri 72] 
is given by -dE vKZ
2M ln ( 4mE) and Z are = Mi where ~' ~ dx E 
the kinetic energy, mass and atomic number of the incident 
charged particle,~ and- i are the number of electrons per 
unit volume and the effective ionization potential of the 
sample and K is a constant, 
K = 2ne
4 
m 
where e and m are the electron charge and mass respectively. 
The stopping power therefore depends on the nature of the 
matrix (v,i) as well as the nature (Z,M) and kinetic energy 
(E) of the bombarding particle. 
The method of the "average cross-section" is one of the 
current techniques used for the mathematical treatment 
of charged-particle activation analysis [Ri 72]. This 
makes use of the "theorem of the averages" to define an 
average cross-section a, 
R 
f a dx x 
= 
0 
a 
R 
J dx 
0 
12 
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which reduces to 
a 
E 
f0 aEEdE 
0 
E f 0 EdE 
0 
Consequently the average cross-section a is approximately 
independent of the nature of the target material and 
constant for a given nuclear reaction (aE) and particle 
energy (E ) over the total range R. It has been shown 0 
[Ri 72] that the total variation of a for Z from 4 to 95 
is no larger than 8%. 
For the irradiation of a thick target, the activity 
induced, dA[disintegrations per second], for a given 
element at saturation within the differential laye~ dx 
at a depth x[gcm- 2 ] of the sample is given by 
dA = nia dx 
x 
where the reaction cross-section, ~' at depth ~' is 
expressed in cm 2 , ~is the number of sought nuclei per 
gram of target material and the beam intensity, ~. is 
expressed in particles per second as deduced from the 
measured beam currents [Ha 69]. 
If it is assumed that the sought element is uniformly 
distributed throughout the sample the total absolute 
activity induced at saturation 
R 
A = nIJ a dx 
x 
0 
(1) 
13 
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Since the range 
R 
R = f dx 
0 
and 
R R 
f a dx = af dx = aR x 
0 0 
then from (1) it follows that 
A = nloR 
Therefore since a is approximately independent of the 
nature of the irradiated matrix the activities induced 
in sample (A) and standard (A ) may be compared by 
s 
writing 
= 
nIR 
n I R 
s s s 
which leads directly to the more practical expression 
= 
cIR 
c I R 
s s s 
(2) 
where a and as are the measured count rates and, £ and 
c the concentrations of the nuclide under consideration 
s 
in sample and standard respectively. 
The values of the range~ can be obtained from tables, 
interpolating where necessary, and using the expression 
[ Fr 64] 
1 
R = + + + .••••••• (3) 
which relates, approximately, the range R. of an element 
1 
and its weight fraction w. in a compound or mixture, to 
1 
14 
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the range ~ in the complex matrix. 
It follows therefore that provided the weight fraction of 
each component is known, the method of the "average cross-
section" provides a means of correcting for range effects 
in charged-particle analysis of thick targets. 
It has been shown [Gi 77} that Rutherford backscattering 
can provide sufficient data for characterisation of the 
major components of a thick target. These components 
largely determine the stopping power of the matrix and 
hence the range of the bombarding particles. The 
contribution provided by minor and trace components is 
small and the error introduced by ignoring it is negligible 
compared to the accuracy of the analysis. 
When a monoenergetic beam of charged particles with energy 
E is scattered from the surface atoms of a target the 
energy E' of 
EI = 
the backscattered particle 
E(M1cose + M2cosa\ 2 
\ Ml + Mz 7 
is given by 
where M1 and M2 are the masses of the bombarding and 
target nuclei respectively, ~ is the angle between the 
direction of incidence of the bombarding beam and the 
direction in which the scattered particle is observed. The 
difference between the centre-of-mass and laboratory scatter 
angles, ~· is given by 
sina sine 
The Rutherford cross-section for elastic scattering (a) 
15 
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is given by the expression 
a 
where f(M,9) = (M1 cos: 
\ Mz 
+ M2cosa)
2 
cos a 
f ~1, ~ (4) 
and~= a+ 9, ~is the atomic number, ~the charge on 
the electron and, 1 and 2 refer to the incident and target 
nuclei respectively. 
When thick targets are bombarded the incident beam loses 
energy along its path through the material to the scatter 
site, after which the scattered particle again loses 
energy until it escapes from the target. The energy of 
the detected particle thus ranges from E' to almost zero, 
depending on the depth of the scatter site below the surface. 
The energy spectrum of the scattered particles therefore 
appears as a series of plateaux separated from each other 
by steps. The energy corresponding to the inflexion 
point of a step is used to determine the mass number of 
the component, whilst the height of the step is proportional 
to the atomic concentration at the surface of the matrix. 
If it is assumed that the target is homogeneous then the 
elemental composition of the surface is representative of 
the bulk of the sample. 
In equation 4 the quantity (:~)2 is a constant for a 
given bombarding beam, thus a value for the scatter cross-
section may be calculated using that equation for each 
16 
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element revealed by the scatter analysis, in terms of this 
constant. Then, using the measured heights (h) of each 
step, the relative atomic concentrations, n./n. of any 
1 J 
two elements i and i in the sample can be calculated from 
the relation 
n. 
1 
n. 
J 
= 
h. 
1 
h. 
J 
a. 
. -1. 
a. 
1 
and therefore the elemental fraction wi of element i, 
w. = 
1 
n. 
1 
By this means approximate analysis of samples is possible 
without the use of standards since all the elements in a 
particular target are determined from a single bombardment. 
A computer programme SCATER has been written which computes 
the w. values when given the quantities h., M. and Z .. 
1 1 1 1 
From these data and with the use of equation 3 the range 
of the bombarding particle in the complex matrix can be 
calculated. Once the ranges in both standard and sample 
are known the concentration c of the sought element may 
be obtained from equation 2. 
In practice, the scatter spectrum is differentiated [Pe 73], 
the differential then consists of a series of peaks the 
maxima of which correspond to the energies of the inflexion 
points at the steps of the original spectrum, whilst the 
areas under the peaks correspond to the step heights. 
Such spectra can be handled easily by available computer 
programmes and areas under peaks readily integrated. 
Because of the difficulty of determining the exact energy 
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corresponding to any given inflexion point in the spectrum, 
an error of a few units of atomic number is nossible. 
However it is assumed that .the stopping powers of elements 
of approximately equal atomic number would be sufficiently 
alike and acceptable within the error of determination. 
It is irrelevant therefore, for the purpose of range 
correction, whether the elements are correctly identified 
or not. It is only important that the bombarding beam 
behaves as if these elements are pre~ent in the observed 
proportions at the bombarded spot on the target. 
Applications of this method of range correction are to be 
found in Chapter IV. 
SCOPE OF THIS INVESTIGATION 
To date the use for analysis of prompt gamma-ray s~ectro­
metry, has been limited largely to utilisation of the few 
suitable resonance reactions [eg. Be 69, De 72b]. Coulomb 
excitation by means of proton bombardment has only recently 
been applied to analytical problems [eg. Ch 72, De 72b, 
De 72c, Co 72, Ru 74]. However the advantages of using 
alpha particles have been recognised [Gi 75] and, indeed, 
prompted this investigation. 
A study of those prompt gamma-rays emitted under alpha-
particle bombardment was undertaken. Beams with energies 
of S MeV and 11 MeV were supnlied by the Van der Graaff 
accelerator of the Southern Universities Nuclear Institute 
(SUNI) whilst those of 16 MeV were obtained using the 
Tandem Van der Graaff of the Nuclear Physics Research Unit, 
18 
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University of the Witwatersrand, Johannesburg. 
A survey of 56 elements was carried out using 5-MeV alpha-
particle bombardment and most of these elements weie also 
irradiated using the higher energy beams. A catalogue 
of observed gamma-rays was drawn up which lists their 
calculated interference-free sensitivities for analysis. 
Several gamma-rays offered sufficiently high sensitivities 
to permit their use for the determination of their oarent 
elements. Analysis of fluorine in cements and of nitrogen, 
manganese and vanadium in steels was carried out using 
prompt gamma-ray spectrometry. 
In addition, a compilation in numerical order of all observed 
gamma-rays was produced in order to facilitate their identifi-
cation and indicate possible interferences. 
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INTRODUCTION 
For any analytical procedure to have ready applicability 
to everyday problems, minimal sample handling is desirable 
since clearly the fewer the steps involved in the prepara-
tion of the specimen for analysis, the less the chance of 
introducing error. In addition, there are occas~ons 
requiring the analysis of samples that may not be degraded 
in any way whatsoever. For the above reasons, the sample 
preparation methods used in these analyses involved only 
such treatment as was required for convenience. The use 
of pills was a convenient means of handling the materials 
under investigation, but since all the targets used were 
of infinite thickness with regard to the bombarding particles; 
the targets could, and on occasion did, take other forms. 
PREPARATION OF SAMPLES 
The preparation of the samples largely depended upon their 
original form. A large number of the materials used for 
the survey were nlates of the pure metal, typically 25 mm 
square and with a mass of about 1.5 g. These were simply 
cleaned by boiling with absolute alcohol and mounted 
directly onto the target holder. 
Most other samples were in granular form. These materials 
were crushed and approximately 1.5 g portions were pressed 
into pills with a diameter of 13 mm, using a Beckman 13 mm 
KBr die and 25-ton hydraulic press. The system used is 
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shown in Figur·e 3. Paper rings were used to give the 
pills some additional mechanical strength and in addition 
the use of paper discs was found to eliminate virtually 
any possibility of cross-contamination without necessitating 
lengthy cleaning procedures between samples. Their use also 
served to protect the die from damage by small crystals of 
some of the harder materials. 
Figure 3. 
I 
Plunger 
Paper disc 
Powder 
Paper ring 
Schematic representation of the die used for 
making target pills 
21 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
Compression of the mat~rial was carried out under vacuum 
to remove trapped air. The maximum pressure employed was 
10 tons since this was the maximum permissable for the 
die used. The length of time for which the powder was 
compressed was found to have little apparent effect, thus, 
once the limiting pressure was reached, it was only held 
for about a minute. 
Some of the powdered samples would not press into pills. 
A number of these materials were mixed with KBr or borax 
prior to pressing, allowance subsequently being made for 
the known amount of binding material. 
Some of the samples were expensive pure materials which for 
that reason could not be mixed with binder and an al tern-
ative preparation procedure had to be used. Cells of 
aluminium were constructed as shown in Figure 4. The 
window material was KAPTON, (C 22 H10 N2 0 4 ) , obtainable from n 
the du Pont Corporation, U.S.A., and a cell was prepared 
with new windows for each sample. At 5-MeV bombarding 
energy the energy loss due to the window was of the order of 
800 keV. Each cell when filled contained about 0.5 g of 
powder, the amount was not important as long as it occupied 
an area greater than that of the beam spot. To prevent 
ejection of the powder when pumping vacuum or under bombard-
ment, a fine mesh gauze was cemented over the top of the 
filled cell. 
The steel samples used were obtained from the U.S. Bureau of 
Standards. They were machined into discs 2 mm thick and 
up to 13 mm in diameter, depending on their original size. 
The smaller discs were pressed into aluminium rings to make 
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them up to 13 mm diameter. Their faces were mechanically 
polished and th en carefully cleaned with absolute alcohol 
before mounting into the target holder. 
Gauze 
Kap ton 
Figure 4. Irradiation cell for bombardment of powders 
MIXING OF POWDERS 
The preparation of homogeneous samples of known fluorine 
content over a wide concentration range was investigated. 
There are three main ways of obtaining such standards; by 
using gases, solutions or solid mixtures. 
An attempt was made to use gaseous fluorides at various 
known pressures. These irradiations had to be carried out 
in a special gas cell thus necessitating a completel y 
different geometrical arrangement of the apparatus, including 
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the detector. Because of this the results obtained from 
. 
the gases were not directly comparable with those obtained 
from the solid samples and so the method was rejected. 
Standard solutions would appear to be the most obvious and 
accurate way to prepare homogeneous standards. Liquid-
vacuum coupled systems however present many experimental 
problems solving which would not have added to this 
investigation. 
It was therefore decided to prepare the standards in the 
solid state by mixing together a fluoride and a relatively 
inert material, in this case, calcium hydroxide. Since 
errors could possibly be introduced on mixing small amounts 
of material with much larger amounts it was decided to work 
with components each having a total mass of about 20 g. 
Three initial mixtures were prepared having calcium 
fluoride:calcium hydroxide ratios of 1:1, 1:3, 3:1. The 
other mixtures were then prepared by diluting these with 
pure calcium hydroxide and so on. 
Another series of solid state mixtures was made by mixing 
together weighed amounts of sodium fluoride and calcium 
hydroxide in n-hexane. The suspension was kept under agita-
tion with an ultrasonic generator for half an hour. The 
hexane was then removed by evaporation over a steam bath. 
It was assumed that since the particles of sodium fluoride 
and calcium hydroxide were of similar size and density, 
there was no reason to expect any preferential deposition. 
The two series of samples produced in this way were 
pressed into pills prior to analysis. 
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THE ELECTRONIC MEASURING SYSTEM 
A block diagram of the electronic system is shown in 
Figure 5. Essentially there were three separate measuring 
systems counting gamma-rays, charged particles and neutrons. 
The gamma-ray spectra for the analysis were acquired using 
a 50 cm3 Ge(Li) detector. The charged-particle data were 
used to obtain information on the major elements in the 
sample matrix, whilst the neutron counter provided continuous 
neutron monitoring. Spectra were accumulated in a multi-
channel analyser and subsequently written onto magnetic 
tape, for off-line processing. 
THE SCATTERING CHAMBERS 
The irradiations at 5 and 11 MeV were carried out in a 
scattering chamber specially designed for analytical 
purposes. Although constructed for simultaneous use with 
five detectors (see Figure 6) in this investigation only 
the surface barrier and Ge(Li) detectors were used. The 
wall of the chamber immediately in front of the Ge(Li) 
25 
detector was thinned to reduce the absorption of gamma-rays. 
The target holder, which could take four samples was positioned 
in the centre of the chamber at right angles to the beam. The 
time required to break vacuum and insert four new targets was 
of the order of twenty minutes. 
Since it was essential that the total bombarding current 
be accurately integrated the chamber was constructed as a 
self-contained Faraday cup, electrically insulated' from the 
beam tube and from all the detectors. Collimation of the 
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SCALER E.H.T. 
AMPLIFIER 
Ge(Li) COUNTER Si SURFACE BARRIER 
BORON 
DETECTOR DETECTOR 
PREAMPLIFIER PREAMPLIFIER 
~ 
Figure 5 
TEST 
PULSE 
POWER POWER 
-
BIAS BIAS 
SUPPLY SUPPLY 
LINEAR LINEAR 
AMPLIFIER AMPLIFIER 
I 
MULTICHANNEL 
ANALYSER 
Block diagram of electronic equipment used for 
gamma, particle and neutron measurements. 
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TARGET 
QUARTZ/ 
VIEWER 
Ge(Li) 
D ALUMINIUM 
~ ELECTRICAL INSULATION 
L-J'L-J'--"'__,_--L,~~1 _.__.i cm. 
2 4 6 8 10 
Si(Li) 
INTRINSIC 
Ge 
ANNULAR DETECTOR 
COLLIMATED 
BEAM 
/ 
/ 
Si SURFACE BARRIER 
'~,_, / DETECTOR 
, I 
/ 
/ 
Figure 6 Insulated scattering chamber specially 
constructed for analytical use with up to 
five different detectors. 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
bombarding beam was achieved initially, 49 cm from the 
target, with tantalum collimators, and the beam-spot size 
was defined by another collimator positioned in the beam 
tube just outside the chamber. The beam entered the 
chamber through an aperture about S mm in diameter in 
front of which was placed an anti-scatter collimator 
electrically insulated and charged to -300 V, to prevent 
secondary electrons from entering the chamber. Secondary 
electron loss from the target could take place at two 
points, through the beam-entrance aperture and through the 
collimator in front of the surface-barrier detector, but 
their combined solid angle subtended at the target was 
negligibly small. For all the survey and quantitative 
studies at the two lower energies, viz. S MeV and 11 MeV, 
the beam-spot defining collimator was made of copper. 
The scattering chamber used for the survey carried out 
at 16 MeV was essentially similar. Only two targets could 
be mounted at one time, the target holder being rotated 
through 180° to bring the second target into the beam. 
Measurement of the gamma-rays was carried out at 90° to the 
incident beam direction. Current was measured directly 
from the target holder. Since the copper collimator was 
found to give a high gamma-ray background with beams of this 
energy, a lead-backed tantalum collimator was used. 
IRRADIATION 
The samples were irradiated at S MeV and 11 MeV by beams 
+ 
o f 4 Hc and 4 He 2 + ions respectively, obtained from the 
6 MV Van der Graaff accelerator at SUN!. The irradiating 
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COMPUTER PROCEDURES 
With the ready availability of fast on-line and off-line 
computers a large proportion of data handling has been 
taken over by computer programmes, so much in fact that 
these programmes may be regarded as part of the experimental 
procedure. 
Little use was made of on-line processing except that a 
PDP-15 computer was used to supply information such as 
peak positions, energy calibrations and peak integrals to 
assist in the actual running of the experiments. All 
the spectra were recorded onto magnetic tape for off-line 
processing which was carried out on the UNIVAC 1106 at 
the University of Cape Town. 
During this study several new computer programmes were 
written, and some older ones re-written, in FORTRAN V for 
the UNIVAC. This was d.one so that a "modular" system 
of programmes could be produced. Such a system facilitates 
the writing of programmes since the main programme which 
controls the entire processing of the data, merely calls 
the required sub-routines. New sub-routines, each per-
forming one specific task, are easily written. By simply 
adding and removing sub-routines, the main programme remains 
essentially unaltered, but can be made to perform different 
tasks. Sub-routines written or re-written into this form 
are shown in Table 1 together with the function of each. 
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Table 1. Computer routines written for this investigation 
Name of Routine 
ADITON 
CALRTO 
CRSECT 
DERIVE 
DERSIG 
INTGRT 
READTP 
SMOOTH 
SPCLSD 
SPRINT 
Non-Modular Programmes 
QSORT 
SMOSPC 
Task Performed by Routine 
Adds any number of spectra to-
gether channel for channel. 
Calculates the fractional 
elemental composition from 
scatter data. 
Calculates the Rutherford back-
scatter cross-section for given 
elements. 
Takes the derivative of a 
spectrum according to the method 
of SAVITZKY and GOLAY [Sa 64]. 
Calculates the value of the 
differential divided by the 
standard deviation of the 
smoothed data. 
Carries out peak integration and 
background subtraction for given 
peaks. 
Controls the reading of data off 
magnetic tape, spectrum by 
spectrum. 
Smoothes spectra channel for 
channel by the method of SAVITZKY 
and GOLAY [Sa 64]. 
Prints a spectrum in floating 
format. 
Prints a spectrum in integer 
format. 
Sorts Q-values into ascending 
order. 
Smoothes data and subtracts neu-
tron and natural backgrounds on 
the basis of the monitored neu-
tron count and live-time respect-
ively. 
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DETERMINATION OF GAMMA-RAY YIELDS 
Covell's method [Co 59] was normally used for the determin-
ation of the total areas under gamma-ray peaks. The method 
of trapezoidal subtraction, illustrated by Figure 8, was 
used for subtraction of the background from the peak 
integral. Both functions were performed by the computer 
routine INTGRT. 
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Figure 8 
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. . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . 
Covell's method for peak integration. The 
shaded area gives the total integral between 
the energy limits of integration. The nett 
count, N, is obtained by trapezoidal sub-
traction of the peak background, B, from the 
total. The slope of the presumed background 
is given by the mean spectrum height on 
either side of the peak. The unshaded areas 
above the background line are presumed, in 
this approach, to be a constant fraction of 
the nett area. 
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INTRODUCTION 
In order to ascertain the applicability of alpha-induced 
prompt gamma-ray spectrometry to elemental analysis, an 
empirical survey of gamma-ray spectra was found to be 
essential, since no similar work existed in the literature. 
What information was available was widely scattered over 
many investigations, each carried out at energies of 
interest to the particular nuclei studied. The most 
important part of the study here was ·carried out using 
+ 5-MeV 4 He ions, with supplementary data from irradiations 
using 11-MeV and 16-MeV 4 He 2 + ions. 
Before the peaks observed in the spectra could be identified, 
a thorough knowledge of the gamma-ray background, both 
radioactive and prompt, was necessary. Without prior 
information on the background gamma-rays, calculations of 
sensitivities would be open to erroi and peak assignments 
could be invalid. 
GAMMA-RAY BACKGROUND 
Radioactive Background 
In general a radioactivity background would be expected to 
consist of radiations from natural, cosmogenic and arti-
ficially produced radionuclides. The gamma-ray background 
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were accumulated for about 12 hours each, at widely separated 
times. Background A was recorded during the initial 
experiments, whilst ~is representative of the background 
present during the major portion of this work. Table 2 
lists the energies of all those gamma-rays observed, together 
with the source of the radiation and the origin of the 
radionuclide. Where the radionuclide is a member of one of 
a naturally-occurring decay series, the series name is 
giyen [Fr 64]. The exact gamma-ray energies were obtained 
from Ref. Er 75. Escape peaks are shown as gamma-rays 
with assignments : - (photopeak energy - m ) and (photopeak 
e 
energy - 2m ) for the first and second escape peaks 
e 
respectively. 
Natural Radionuclides 
Gamma-rays were observed from radionuclides belonging to 
two of the natural decay chains, namely the 4n and 
(4n + 2) series, together with the 1461-keV gamma-ray 
from 4 DK. These natural radionuclides are present as 
trace amounts in the materials used in the construction 
of the laboratory building. The 2 3 2Th and 2 3 8U parents 
of the decay series together with their daughters are also 
present in the unrefined lead which is used for shielding 
in large quantities. The (4n + 3) series has, as parent, 
2 3 5 u which constitutes only 0.72% of natural uranium. It 
is not surprising therefore that no gamma-rays were observed 
from this series. The (4n + 1) series is short-lived with 
artificially produced parents. 
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Table 2 
E y 
(keV) 
61 
74 
86 
91 
129 
186 
239 
277 
285 
296 
328 
339 
352 
463 
478 
5ll 
583 
604 
609 
666 
727 
769 
795 
835 
844 
861 
911 
Assignment and origin of peaks in the radio-
activity background spectra 
Assignment Origin or Natural Decay Chain 
2osBi 212pb 209Bi(n,2n) 208 Bi 4n unresolved Ka X-rays 
2osBi 212pb 209Bi(n,2n) 208Bi 4n unresolved KS X-rays 
22sAc 4n 
226Ra (4n + 2) 
212pb 214pb 4n (4n + 2) 
2osr1 22sAc 4n 4n 
214Bi (4n + 2) 
21or1 214pb (4n + 2) (4n + 2) 
22sAc 4n 
22sAc 4n 
214pb (4n + 2) 
22sAc 4n 
7Be cosmic-ray 
produced 
+ 2osr1 various 4n 8 
2osr1 4n 
214Bi (4n + 2) 
214Bi (4n + 2) 
212Bi 4n 
214Bi (4n + 2) 
21or1 22sAc (4n + 2) 4n 
54Mrl 54pe(n,p)54Mrl by 
fast neutrons 
27Mg 27Al(n,p) 27Mg by 
fast neutrons 
2osr1 4n 
22sAc 4n 
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35 
Table 2 (continued) 
E y 
(keV) 
Assignment Origin or Natural Decay Chain 
935 214Bi (4n + 2) 
969 22sAc 4n 
1120 214Bi (4n + 2) 
1155 214Bi (4n + 2) 
1223 
1238 214Bi (4n + 2) 
1275 
1369 24Na 27Al(n,a.) 24Na by 
fast neutrons 
1378 214Bi ( 4n + 2) 
1408 214Bi ( 4n + 2) 
1461 40K 0.012 atom % of 
natural K 
1509 214Bi ( 4n + 2) 
1588 22aAc 4n 
1592 (2614-2m ) 2oaBi 2usr1 e 
1693 (2204-m ) 
e 
214Bi 
1732 (2754-2m ) 
e 
214Bi 24Na ( 4n + 2) 
1756 
1764 214Bi ( 4n + 2) 
1850 L.14Bi ( 4n + 2) 
2103 (2614-m ) 2osBi 2osr1 
e 
2204 214Bi (4n + 2) 
2243 (2754-m ) 24Na 
e 
2614 2oaBi 2osr1 2D9Bi(n,2n) 208Bi 
by fast neutrons 4n 
2754 24Na 2 7 Al (n.,a.) 24Na 
by fast neutrons 
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Cosmogenic Radionuclides 
Some naturally-occurring radionuclides have half-lives 
too short for them to have survived since nucleosynthesis 
as have the radionuclides mentioned in the previous section. 
They occur as a result of a balance between continuous 
production by cosmic-rays and removal by radioactive decay 
and geophysical processes. Of all the cosmogenic radio-
nuclides, 7Be has the highest average specific activity 
in the atmosphere [La 62], with the exception of 3H and 
14 C which are not gamma-active. The 7Be is formed by 
cosmic-ray spallation reactions with oxygen and nitrogen 
[Du 72], and emits a 478-keV gamma-ray with a 53-day 
half-life. 
Artificial Radionuclides 
Radionuclides produced as a result of neutron and charged-
particle bombardment also contribute to the general back-
ground. No gamma-rays were observed that could be ascribed 
to the products of charged-particle activation, however 
gamma-rays were observed from 24 Na, 27Mg, 54Mn and 208 Bi. 
These nuclides were produced by fast-neutron activation 
of materials present in the laboratory environment. The 
first pair of nuclides was generated by irradiation with 
neutrons from (a,n) reactions in the target, whilst the 
second pair of nuclides with longer half-lives accumulated 
as a result of periodic high fluxes of fast neutrons produced 
for other experiments in the laboratory. 
The radionuclides 24 Na and 27Mg were produced as a result 
of fast-neutron activation of the aluminium target chamber. 
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The former nuclide has a half-life of 15 hours whilst the 
latter decays with a 9.5-minute half-life. Both therefore 
would be expected to be formed, and to decay away, cyclicly, 
depending on the availability of a reasonable flux of fast 
neutrons on the aluminium. The absence of 24 Na in 
Background A may be ascribed to the spectrum having been 
recorded early in the experiment, before the nuclide had 
had sufficient time to accumulate. In the case of 27Mg 
which has a fairly short half-life, even a limited exposure 
to a fast-neutron flux will be sufficient for the concen-
tration of 27Mg to reach saturation. The intensity of 
the gamma radiation then ensures that the corresponding 
peak accumulated during the rapid decay still stands out 
clearly in the spectrum, even if the measurement continues 
long after the radionuclide has decayed away. 
5 4Mn is produced as a result of fast-neutron activation of 
54 Fe which constitutes 5.9% of all iron present. Its half-
life is 312.5 days, which means that the radionuclide is 
continuously present in the laboratory. The cross-section 
for its production by the reaction 5 4 Fe(n,p) 54Mn is 
210 mb for a neutron energy of 3.6 MeV [Va 61], compared 
to 0.02 mb for the corresponding reaction [Te 58] with 
56 Fe. Because the half-life of 56Mn is 2.58 hours all that 
may have been produced during periods of neutron irradia-
tion would have decayed away again, resulting in the absence 
of its gamma radiation in the background spectra. 
Bismuth has a high cross-section (2.3 barns [Ro 57]) for 
the reaction 209 Bi(n,2n) 2 0 8 Bi, the product of which is 
radioactive. Lead contains bismuth as one of its main 
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( 
I 
• 
impurities and at the time Background A was recorded, 
large quantities of lead were used as shielding for the 
detector and the beam transport tube. The bismuth in 
the shielding, once activated, would remain because of 
the very long half-life of 2 osBi (3.68 x 105 years), each 
successive period of neutron irradiation contributing to 
the accumulation of the radionuclide. Removal of all lead 
1 
shielding from the immediate vicinity resulted in the 
disappearance of the high-intensity lead Ka and KB X-rays 
which are the only identifying features of 208 Bi in the 
presence of 2 0 8Tl. Although the lead was still present 
in the laboratory the intensity of the X-rays was reduced 
to the level of the general background because of the much 
reduced solid angle subtended by the lead at the detector 
as well as by absorption in various materials interposed 
between source and detector. 
The occurrence of a peak corresponding to a gamma-ray of 
1275 keV is ascribed to the presence, in the vicinity, of 
a 22 Na source. The other unlabelled gamma-rays derive 
from unknown sources. 
Prompt Background 
In addition to the background resulting from radioactivity, 
gaJTUTia-rays were observed during irradiation, which did not 
emanate from the target nuclei. These gamma-rays also 
posed a threat to the correct assignment of peaks and to 
the accuracy of the calculated sensitivities. It was not 
possible however, simply to obtain a "blank" spectrum, 
since, although most of these gamma-rays did not come from 
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the target, the presence of a target was necessary to 
generate them. 
A list of all the prompt background gamma-rays is given in 
Table 3 together with their assignments and origins. They 
come from two main sources, the detector itself and the 
target chamber. 
Fast neutrons resulting from (a,n) reactions in the 
targets were the main source of prompt b~ckground. 
Excitation of levels of 72Ge, 74Ge, 76 Ge and 19p by 
inelastic neutron scattering and of 70 zn by the reaction 
73Ge(n,a) 70zn contributed the neutron-induced gamma-rays 
observed in the spectrum. This response of the Ge(Li) 
detector to fast neutrons was studied systematically 
by Chasman et al. [Ch 65]. 
The germanium peaks corresponding to 596 + 608 (unresolved) 
and 691 keV are skew because the recoil energy is added 
to the transition energy [Ch 65]. These germanium gamma-
rays are clearly seen in the spectrum of boron on page 78 
in the next section. They are inevitably part of the 
background for any neutron-producing target and cannot 
be eliminated. 
The presence of fluorine has already been discussed 
in Chapter II. 
Alpha reactions with 14 N, 180, 23 Na and 27 Al gave rise 
to gamma-rays which were observed in the backgrounds of 
many spectra. Traces of nitrogen and oxygen were expected 
from adsorbed gases on the surfaces of some targets and 
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I 
Table 3. 
E y 
keV 
57 
66 
110 
136 
197 
301 
322 
351 
417 
440 
511 
563 
596 
608 
691 
718 
806 
834 
844 
871 
885 
894 
1015 
1214 
1406 
1464 
1725 
1809 
2236 
Assignment and origin of peaks in the background 
spectra of prompt radiation 
Assigrurent 
Ta Ka X-rays 
Ta KS X-rays 
19F n,n'(l,O) 
181 Ta a,a' (1,0) 
19F n,n'(2,0) 
181Ta a ,a ' (2,0) 
1 80 a ,n(l,O) 
23 Na a ,n(2 ,O) 
23Naaa'(l,O) 
s+ 
76Ge n,n' (1,0) 
74Ge n ,n' (1,0) 
74Ge n,n'(2,l) 
72Ge n,n' (1,0) 
72Ge n,n' (2,0) 
27Al a,a'(l,O) 
14N a ,p(l,O) 
73 Ge n,a(l,O) 
7 2Ge n , n' ( 4 , 2) 
27Al a ,a ' (2,0) 
(2236-2m ) 
e 
72Ge n,n' (3,0) 
(2236-m ) 
e 
23 Na a,p(l,O) 
27Al a,p(l,O) 
chamber lining 
chamber lining 
Origin 
neutron bombardment of detector 
collimators and chamber lining 
neutron bombardment of detector 
collimators and chamber lining 
oxygen on target surf ace 
sodium contamination of target 
sodium contamination of target 
various 
neutron bombardment of detector 
neutron bombardment of detector 
neutron bombardment of detector 
neutron bombardment of detector 
neutron bombardment of detector 
scattered-alpha excitation of chamber 
nitrogen on target surface 
neutron bombardment of detector 
neutron bombardment of detector 
scattered-alpha excitation of chamber 
27Al 
neutron bombardment of detector 
2 7Al 
sodium contamination of targets 
scattered-alpha excitation of chamber 
40 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
the gamma-ray yields of the reactions 1 4 N( a ,py)I 7 o and 
IBo(a,ny) 21 Ne were sufficient for their presence to be 
observed. Sodium, observed as a result of gamma emission 
following (a,n) ,( a ,p) reactions and inelastic alpha 
scattering on 23 Na, was present in small quantities in 
some of the powdered compounds used as targets, notably 
potassium bromide. 
The scattering chamber used in the analysis was manufactured 
from aluminium, thus the formation of gamma-rays from 
Coulomb excitation and (a,p) reactions was predictable. 
These reactions occur after scattering from the target 
and may be eliminated from the spectra by means of a cobalt 
or nickel chamber lining. It is possible that a proportion 
of the yield for the 844- and 1015-keV gamma-rays was the 
result of inelastic neutron scattering as well as inelastic 
alpha scattering. This contribution would, of course, not 
be removed by a chamber lining. 
In the early part of this work a scattering chamber was 
used which had a tantalum lining. Spectra taken at that 
time showed prominent peaks corresponding to the Ka and KS 
X-rays of tantalum : - see for example the spectrum 
of aluminium on page 84. The lining was subsequently 
removed but spectra still showed the 136-keV and, to a 
lesser extent, the 301-keV gamma-rays f rom inelastic 
alpha scattering on the tantalum collimators used for 
initial beam collimation. These gamma-rays could be 
eliminated by the use of nickel or cobalt collimators 
which, under the conditions of the experiment, emit little 
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or no gamma radiation. Whilst these met als do not have 
as high a melting point as tantalum, they should be well 
able to withstand the beam currents used in this work. 
SURVEY RESULTS 
The following section constitutes an element-by-element 
commentary on the results of the survey as reflected in the 
Atlas of Spectra and the Catalogue of Gamma-Rays. It was 
felt that the data given in these sections are largely 
self-explanatory and remarks were kept to a minimum in 
order to avoid excessive repetition. The object of this 
work was to provide extensive information showing the 
analytical applications of the method of prompt gamma-ray 
spectrometry and as many of the likely interferences as 
possible. All the data provided were empirical and no 
special or separate experiments were conducted with the 
object of investigating the presence or absence of particular 
gamma-rays in the spectra. Explanations offered therefore, 
in respect of some arbitrary assignments of gamma-rays, 
have not been experimentally substantiated nor was it the 
purpose of this work to do so. 
A list of all gamma-rays observed in the spectra obtained 
with 5-MeV alpha particles, as well as those from carbon 
and oxygen using the higher energy beams, is given in 
order of ascending energy as an appendix. This list 
provides a rapid means of identification of gamma-rays as 
well as providing an indication of those gamma -rays which 
could interfere in an analysis. 
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The elements bombarded, for each . incident beam energy, 
are shown in Figure 9(a), (b) and (c). 
Lithium (Z=3) : - The target used was lithium fluoride 
powder compressed into a pill. Only one gamma-ray 
assignable to lithium was observed. This gave a very 
intense peak corresponding to 478 keV resulting from 
Coulomb excitation of the first level of 7 Li. The sens-
itivity obtained was high thus offering good analytical 
I 
potential, especially in such materials as geological ores. 
Boron (Z=5) · - Irradiation of a target of pure boron 
resulted in many gamma-rays, some fairly intense. The 
majority of the peaks in the spectrum were due to the 
reaction 10B(a,py) 13 c which has a Q-value of 4.063 MeV. 
One intense peak, corresponding to 2313 keV, together 
with its first and second escape peaks, was due to the 
reaction 11B(a,ny) 14 N with a Q-value of 0.157 MeV. The 
energy of the first excited state of 11 B is high (2125 
keV) so only the fairly low-lying first level of 10 B was 
excited directly. Gamma-rays with energies of 573, 900, 
984, 1040, 1066, 1701, 1720, 2212 and 3987 keV remained 
unassigned. There was no evidence relating these gamma-rays 
to the high neutron flux either by neutron reactions or by 
thermal-neutron capture. 
Ca r bo n ( Z=6) : - Bombardment of a plug of pure graphite 
with 5-MeV 4 He +ions yielded no ganuna-rays assignable to 
carbon. The use of 11- or 16-MeV alpha particles however, 
caused excitation of the first excited state of i2c which 
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----3 5 MeV 5 6 7 8 9 
Li B c N 0 F 
11 12 13 14 15 16 17 
Na Mg Al Si p s Cl I 
19 20 21 22 23 24 25 26 27 28 29 30 31 35 I 
K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Br 
37 38 39 40 41 42 44 45 46 47 48 49 50 
Rb Sr y Zr Nb Mo Ru Rh Pd Ag Cd In Sn 
56 57 72 73 74 75 77 78 79 80 82 83 
Ba La Hf Ta w Re Pt Au Hg Pb Bi I Ir i ! 
58 59 60 68 I 
figure 9(a) 
• 
~ ~ 
6 8 9 
11 MeV c 0 F 
11 14 
Na Si 
- --
20 21 22 23 24 25 26 27 28 29 30 31 
i Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga I 
39 40 42 45 46 47 48 49 50 '52 
I y Zr Mo Rh Pd Ag Cd In Sn Te - -- - -- -57 73 74 75 77 78 79 82 83 
La Ta w Re Ir Pt Au Pb Bi 
- -· 
• 58 59 
figu re 9(b) 
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6 8 9 
16 MeV c 0 F 
11 14 
Na 
' 
Si 
19 20 21 22 23 24 25 26 27 28 29 30 31 35 
K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Br 
39 40 42 45 46 47 48 49 50 
y Zr Mo Rh 
-
Pd Ag Cd In Sn 
57 73 74 75 77 78 79 82 83 
La Ta w Re Ir Pt Au Pb Bi 
58 59 
Ce Pr 
I I I I I I I I I I I I I I I 
Figure 9(c) 
Figure 9(a), (b) and (c) Outlines of the Periodic 
Table in which the elements named were 
those bombarded and studied with 5-McV 
(Fig 9(a)), 11-MeV (Fig 9(b)) and 16-MeV 
(Fig 9(c)) alpha particles . 
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decayed promptly by emission of a 4439-keV gamma-ray. In 
addition to this, the two escape peaks were observed. The 
spectrum of carbon under irradiation with 16-MeV 4 He2+ 
ions shows however, that there are not just three peaks in 
the spectrum, but six. The existence of the higher energy 
satellites has not been reported in the literature and there 
is no firm indication as to their identity or origin. It 
seems certain that these peaks were connected with carbon 
since they appeared in all spectra of targets containing 
carbon bombarded at the higher energies. The energy 
difference between the gamma-rays and the satellites 
was about 70 keV and was independent of the incident alpha 
energy. The peaks were sufficiently resolved to be stripped 
successfully and promised fairly high sensitivity for 
carbon determination. Since these pairs of peaks were 
observed at different irradiation sites using different 
detectors, it is highly unlikely that they are spurious 
effects related to the detection system. This doubling 
was not found for any of the peaks arising from other 
elements in the same target or in any other target not 
containing carbon. 
Nitrogen (Z=?) : - The spectrum of barium nitrate is 
given as an example of the yield of gamma-rays emitted 
from a nitrogen target. No gamma-rays other than those from 
the reaction 14 N(a,py) 17o were observed, due mainly to the 
much greater energies needed to excite levels in 14N. 
Excitation of this 871-keV gamma-ray offered a high 
sensitivity for the analysis of nitrogen and is dealt with 
more fully in Chapter V. 
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Oxygen (Z=B) : - The gamma-ray yield of an oxygen-
containing target under irradiation with a 5-MeV alpha beam 
showed five peaks. Gamma-rays were observed as a result of 
the reactions 170(a,ny) 20 Ne and 1 Bo(a,ny) 21 Ne. The reaction 
160(a,ny) 19 Ne has a Q-value of -12.136 MeV and the (a,p) 
reactions on each of the three stable isotopes of oxygen 
were also energetically impossible at this bombarding 
energy. With alpha particles having energies of 11 and 
16 MeV Coulomb excitation of the levels of 1 60 took place. 
The first level of 1 60 decays by internal pair production 
and was therefore not directly observed in the gamma spectra. 
Some slight indication of gamma-rays from the third excited 
state of 1 60 was found but the yield was of insufficient 
intensity to be included in the tabulated data. The 6131-
keV gamma-ray together with its escape peaks were the 
main features of the spectrum of every oxygen-containing 
material bombarded with 11- and 16-MeV alpha particles. 
The example shown is for the target lanthanum oxide. The 
three peaks were each capable of yielding sensitive oxygen 
analyses and had the advantage of being in a region of 
very low background with little possibility of interference 
from reactions on other elements. 
Flu orine (Z=9) : - Many targets containing fluorine 
were irradiated and the spectrum of calcium fluoride is 
given as an example. The observed fluorine peaks resulted 
from Coulomb excitation, and from the reactions 
19F(a,ny)22Na and 19F(a,py) 22 Ne. The important peaks from 
an analytical point of view were those corresponding to 
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garruna-rays of 110, 197, 583, 1275 and 2081 keV. The 
sensitivity calculated from the 110-keV and 197-keV 
gamma-rays excited with alpha beams of all three energies 
studied, was good enough for low-level fluorine analysis. 
The use of these gamma-rays is discussed in Chapter IV. 
The gamma-rays 19p n(5,2) have an energy of 1280 keV and 
would therefore be masked by the prominent 1275-keV, 
19 F p(l,O) gamma-rays. An unassigned garruna-ray of 806 keV 
was observed in some spectra but it is doubtful whether 
this gamma-ray is due to fluorine, because other materials, 
not containing fluorine, yielded a peak corresponding 
to the same energy. 
Sodium (Z=ll) · - Under irradiation with alpha-particle 
beams targets of sodium compounds emit gamma-rays as a result 
of Coulomb excitation, as well as from the reactions 
23Na(a,py)26Mg and 23Na(a,ny)26Al. The first excited 
state of 26Al, decays by positron emission and the gamma-
ray, 23Na n(l,O), was therefore not observed. The 1809-
keV gamma-ray, 23Na p(l,O), was very prominent in all 
spectra and was well suited for the analysis of elemental 
sodium. The peaks at 417 and 440 keV though intense, are 
I in a region which has a number of possible interferences 
so that their use for analysis is not recommended. 
Magnesium (Z=12) : Analysis of the spectrum of magnesium 
fluoride bombarded with 5-MeV alpha particles, showed that 
gamma-rays were emitted as a result of Coulomb excitation 
of 25Mg in addition to those from the reactions 
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24 Mg(a,py) 27 Al, 25Mg(a,ny) 28 Si and 26Mg(a,ny) 29 Si. The 
reactions 24Mg(a,ny) 27Si, 25 Mg(a,py)28Al and 26Mg(a,py)29Al 
all have fairly high reaction thresholds and no gamma-ray 
was observed from them. It is unfortunate that some of the 
gamma-rays from magnesium fall in the same energy regions 
as those from fluorine, aluminium and silicon. The 
magnesium gamma-rays subject to possible interference 
by fluorine are 26Mg a(l,O) of 585 keV and 26Mg n(l,O) 
of 1273 keV which fall in the same regions as the f luorine 
gamma-rays, 19 F n(l,O) of 583 keV an d 19p p(l,O) of 1275 keV. 
The aluminium gamma-rays 27Al a(l ,O) of 844 keV and 
27 Al a(2 ,0) of 1015 keV h a ve exactly the same energies as 
24Mg p(l,O) and 24 Mg p(2,0). In fac t, the product nuclid e 
of (a,p) reactions on 24 Mg is, o f course, 27Al. Similarly 
28 Si is the product nucleus of the (a,n) r eac tion on 
25Mg so that the gamma-rays, 25Mg n(l,O) of 1779 keV have 
the same e nergy as those from Coulomb excita tion of the 
former nuclide. 
Great care is required therefore in the determination by 
gamma-ray spectrometry of aluminium, silicon or magnesium 
in geological materials where one or more of thes e other 
elements is likely to be present. Analysis of fluorine 
using the 1275-keV gamma-ray would be unreliab l e in the 
presence of magnesium. The analysis of mixtures of 
magnesium with fluorine, aluminium or silicon could be 
attempted by means of peak-ratio methods. 
Only the 1794-, 2028- and 2426-keV gamma-rays from 
26Mg(a,n~ 2 9Si offer any unique possibility for magnesium 
analy ~is since they are not subject to i nte rfere nce . 
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Aluminium (~=13) : - Bombardment of an aluminium target with 
5-MeV alpha particles produced gamma-rays from Coulomb 
excitation and (a,py) and (a,ny) reactions. In addition, 
an unassigned gamma-ray, with an energy of 3062 keV, was 
observed. The most sensitive peaks for analysis of 
aluminium were also associated with silicon or magnesium 
and were therefore subject to interference from those 
elements. The gamma-rays generated by the reaction 
27Al(a,ny)30p were interference-free but even the most 
intense of them, that of 709 keV, did not offer a very 
high sensitivity for analysis. 
An attempt was made to use the 2236-keV gamma-ray for the 
analysis of aluminium in medical samples. Brain tissue 
samples, in which the presence of excess aluminium was to 
be determined, were supplied by Groote Schuur Hospital. 
These samples were ashed and compressed into pills with 
a KBr backing to provide mechanical strength. It was found 
however, that ~espite the concentration brought about by 
ashing, the use of alpha-induced prompt gamma-ray spect-
rometry did not provide sufficiently sensitive data for 
adequate differentiation between samples at the levels 
of aluminium concentrations involved (-SO ppm). 
Silicon (Z=l4) : - The sensitivities calculated for the 
possible determination of silicon using the gamma-rays 
resulting from Coulomb excitation and (a,py) reactions 
+ 
under 5-MeV 4 He bombardment were poor. The highest 
sensitivity was obtainable from the unresolved 2234- and 
2236-keV gamma-rays assigned to 2ssi p(2,0) and 30si a(l,O) 
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respectively. The latter gamma-rays have exactly the 
same energy as those from 27Al p(l,O), since they are both 
from the same gamma transition. These gamma-rays therefore 
constitute a serious source of interference. 
The increased sensitivities attained with higher energy 
alpha particles were still subject to interference from 
elements commonly found together with silicon. 
Phosphorus (Z=15) The target irradiated to give data 
on the gamma-rays from phosphorus was mercurous phosphate. 
Gamma-rays were observed from Coulomb excitation and 
from the reaction 31P(a,py)3 4 S as well as a broad peak, 
possibly a doublet, at 481 and 493 keV, which was unassigned. 
The gamma-ray of 2127 keV, identified as 3lp p(l,O) was 
very intense and offered a high sensitivity for the analysis 
of phosphorus. Possible interference could come from 
23Na p(4,l) which is a fairly intense peak corresponding to 
2132 keV. 
Sulphur (Z=16) : - No gamma-rays that could be ascribed to 
sulphur were observed from the lead sulphide target. 
Chlorine (Z=l?) : - When the copper(II) chloride target 
was irradiated with 5-MeV alpha particles, in addition 
to gamma-rays from copper, it yielded gamma-rays from 
the reactions 35Cl(a,py)38Ar and 37 Cl(a,py) 40 Ar. The 
thresholds for the corresponding (a,ny) reactions were 
above the bombarding energy and gamma-rays resulting from 
these reactions were thus not observed. The first few 
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excited states of the two chlorine isotopes were high and 
they were not directly excited. The 2168-keV gamma-ray 
from 35 Cl p(l,O) offered a fairly good sensitivity for 
the determination of the element. 
Potassium (Z=19) : - A target of potassium bromide was 
used to obtain data for the gamma-ray spectrum of potassium. 
Gamma-rays from the reaction 39K(a,py)42Ca were the only 
ones observed. The corresponding (a,ny) reaction had too 
high a Q-value and no gamma-rays were thus detected from 
this reaction. The potassium isotopes 40K and 41K have a 
far lower abundance in nature (0.012 and 6.91 atom% 
respectively) than 39K and gamma-rays from reactions with 
these isotopes were not observed. Spectra for potassium 
were only measured with 5- and 16-MeV alpha beams and the· 
39K p(l,O) gamma-rays of 1524 keV in each case offered the 
highest sensitivity for the determination of the element. 
Calcium (Z=20) : - No gamma-rays, that could be ascribed 
to calcium, were observed from several calcium compounds 
(viz. CaC03, CaC1 2 , Ca(OH)2, CaF 2 and Ca(CH3C00)2) used 
as targets. 
Scandium (Z=21) : - The scandium fluoride target used 
yielded only one peak from scandium which corresponded to 
364 keV and was assigned to 45 Sc a(2,l). This was a 
peak of very low sensitivity and therefore of little 
analytical use. The first excited state of 45 Sc is 12.4 
keV which was below the detection limit of the gamma-ray 
spectrometer used. 
50 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 I 
Titanium (Z=22) : - Coulomb excitation was the main source 
of gamma-rays from alpha bombardment of titanium. Gamma-
rays were also observed from the reaction 4BTi(a,ny)S 1cr 
but none were found from excitation of the levels of 49Ti 
and 50 Ti which have relatively high-lying first excited 
states. With 5-MeV alpha particles only the 159-keV 
gamma-ray had analytical potential but using the higher 
energy beams the (a,ny) reaction, yielding a 749-keV 
gamma-ray offered a better sensitivity (see Catalogue of 
Gamma-Rays). An unidentified low-intensity gamma-ray 
of about 320 keV was observed in this spectrum but it 
also appeared in the spectra of some other materials, 
such as calcium hydroxide, potassium bromide and palladium. 
Vanadium (Z=23) · - The major isotope of vanadium is 
s1v (99.75 atom%) and all the gamma-rays observed in 
this spectrum resulted from excitation of this nuclide. 
Coulomb excitation of s1v gave the most prominent and 
analytically useful gamma-ray, that of 320 keV. In addition 
three gamma-rays were observed from the reaction 
51V(a,ny)54Mn. With increasing incident alpha energy the 
latter peaks became more intense than those due to Coulomb 
excitation. The sensitivities of the s1v n(2,0) and 
s1v n(3,2) were particularly promising for vanadium analysis 
with 11-MeV alpha particles. 
Chromium (Z=24) : - No spectrum of chromium is given. The 
chromium gamma-rays observed resulted from excitation of 
three of the four chromium isotopes (see Catalogue of Gamma-
Rays). The sensitivity for analysis using these peaks was 
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very low. Gamma-rays were not observed from excitation 
of 52Cr despite the high abundance of this isotope in 
natural chromium, probably because of the relatively 
high energy of the first level (1434 keV). Only the 783-
keV peak from 50 cr was observed at all three bombarding 
energies. Gamma-rays from 53 Cr and 54 Cr were probably 
obscured because of the greatly increased background 
generated at the higher bombarding energies. 
Manganese (Z=25) Excitation of the first level of 
54Mn resulted in a very intense peak corresponding to a 
gamma-ray of 126 keV. This peak offered a high sensitivity 
for the analysis of manganese. Only one other peak from 
manganese, corresponding to 858 keV, was observed. The 
use of the 126-keV peak is considered further in Chapter V. 
It is interesting to note the fall-off in potential 
sensitivity for this peak with increasing incident beam 
energy. 
Iron (Z=26) : - The peaks offering the highest sensitivity 
for analysis of iron came from excitation of 56 Fe and 
57Fe. Gamma-rays from levels of three of the four stable 
iron isotopes were recorded. The energy of the first level 
of 54 Fe was high (1408 keV) and gamma-rays from its decay 
were not observed. The first excited state of 57pe lies 
14 keV above the ground state and its decay gamma-ray was 
below the detection limit of the detector. It seems 
probable that the gamma-ray of 353 keV, 57 Fe a(3,l), was 
indeed observed but since it was not resolvable from the 
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351 keV gqmma-ray, 180 n(l,O), no dat~ are given for it. 
High resolution gamma-spectrometry such as is obtainable 
with an intrinsic Ge-detector should be able to separate 
these two peaks. The 122-keV gamma-ray was situated on a 
rather high background and in a crowd~ d region which made 
it less suitable for iron determination than the 847-keV 
peak which stood out clearly in a region of low background. 
Cobalt (Z=27) : - No gamma-rays were observed that could 
be ascribed to cobalt. 
Nickel (Z=28) : - No gamma-ray was observed that could be 
ascribed, with certainty, to nickel. Two clearly defined, 
but low-intensity peaks, corresponding to 1099 keV and 
1193 keV were observed in the spectrum. These gamma-rays 
could be 61Ni a(6,0) and 61Ni a(B,O) respectively, but in 
that case it is reasonable to expect the observation of 
some gamma-rays from de-excitation of the lower energy levels. 
In fact only the two gamma-rays mentioned previously were 
observed. 
The data that are available for Coulomb excitation of 
nickel [An 74] resulted from bombardments with 6.8-MeV 
alpha particles and 26-MeV carbon ions. The level scheme 
of 61 Ni, contained in Ref. Au 75, shows several levels 
with energies below 1190 keV that should be accessible 
by means of E2 transitions. No explanation is offered 
therefore in respect of the absence of gamma-rays from 
these levels and the two observed gamma-rays have not 
been assigned as being due to transitions in nickel. 
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CoppeP (Z=29) : - Two peaks were observed from each of the 
two copper isotopes present in nature. None of them offered 
high sensitivity for analysis. 
Zinc (Z=30) : - Gamma-rays were observed from each of the 
zinc isotopes except 70zn which has an abundance of only 
0.62 atom % in nature. None of the peaks offered a useful 
sensitivity at any of the incident alpha energies studied. 
GaZlium (Z=31) : - No gamma-rays were observed that could 
be ascribed to gallium. The target used was gallium 
fluoride. 
BPomine (Z=35) : - The target used with both 5-MeV and 
16-MeV alpha particles was potassium bromide. Intense 
peaks were observed corresponding to 217 keV and 276 keV 
resulting from Coulomb excitation of levels of 79Br and 
81Br. De-excitation from the first level of 79Br and the 
second level of 81Br was not observed because 
these levels have parity different from that of their 
ground states, thus the transitions are not E2 in character. 
Reasonably good sensitivity for bromine analysis was 
offered at both bombarding energies for the observed 
spectral peaks. 
Rubidium (Z=3?) : - A rubidium fluoride target was used 
to obtain the gamma-ray spectrum of rubidium. Only one 
peak assignable to rubidium was observed. This peak was 
of very low intensity and of little analytical use. 
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Stro ntium (Z:38) : - No gamma-ray that could be ascribed 
to strontium was observed from the target of strontium 
carbonate powder contained in a KAPTON cell. 
Yttrium (Zz39) · - No gamma-rays were observed that could 
be ascribed to yttrium. 
Zirconium (Z=40) : - Only one gamma-ray of very low 
intensity was observed in the spectrum of zirconium. This 
was not observed at the higher bombarding energies and 
was of very little analytical significance . 
Niobium (Z=41) · - No gamma-ray that could be ascribed 
to niobium was observed from the target of niobium powder 
in a KAPTON cell. 
Molybdenum (Z=42) : - The low-lying levels of all the 
molybdenum isotopes except 9 2Mo were excited under 
bombardment. The first excited state of 92Mo is high 
(1509 keV) and no gamma-rays from it were observed. The 
gamma-rays from 94Mo a(l,O) have the same energy as those 
from 14 N p(l,O). Since the presence of nitrogen on the 
surface of molybdenum was likely, it was not possible to 
give any reliable data on the intensity of the molybdenum 
gamma-ray. Reasonably good sensitivity was obtainable 
by the use of the 536-keV gamma-ray with each incident 
alpha energy. 
Rut he nium (Z=44) : - The target used consisted of ruthenium 
sponge in a KAPTON cell. Gamma-rays were observed as a 
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result of excitation of those isotopes of ruthenium with 
the highest abundances in nature, that is 99Ru, lODRu, 
1D1Ru, 1D 2 Ru and 1D 4Ru. The isotopes which were not 
observed, 96 Ru and 98Ru, are much less abundant than the 
others and had fairly high-lying first excited states. 
None of the spectral peaks was very intense and only the 
peak corresponding to 358 keV, 104Ru a(l,O), showed any 
analytical potential. 
Rho di um ( Z=45) : - Only two peaks were observed in the 
gamma-ray spectrum of rhodium. These were from excitation 
of the third and fourth levels of l03Rh (100 atom % in 
nature). Neither the first nor second excited states 
was accessible through an E2 transition since their parities 
were different from that of the ground state. Both gamma-
rays observed offered fairly good analytical potential at 
all three incident alpha energies studied. 
Pall a dium (Z=46) : - Gamma-rays from excitation of all 
the stable isotopes of palladium except l0 6pd were 
observed. The first excited state of 106pd is 511.9 keV 
and gamma-rays from its decay would be unresolvable from 
annihilation gamma-rays. The presence of sodium on the 
surface was attributed to possible traces of grease 
retained on the metal. Only the 374- and 434-k eV peaks were 
of possible analytical application. The sensitivities 
attainable with an 11-MeV incident beam were particularly 
good. 
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SiZver (Z=47} : - Gamma-rays from both stable isotopes of 
silver were observed. The first excited state of 109Ag is 
not excited through an E2 transition since its parity is 
different from that of the ground state, and it was not 
observed. Four of the observed gamma-rays, those of 312, 
325, 415 and 423 keV, were of sufficient intensity to be 
potentially useful for analysis. 
Cadmium ( Z=48} · - Gamma-rays were observed from excited 
states of four of the seven naturally-occurring isotopes 
of cadmium. The remaining three nuclides all have 
relatively high-lying first excited states and have low 
abundances in nature. The first excited state of lllCd 
has the correct spin and parity values for an EZ transition 
but no gamma-rays were observed from this level. There was 
some sign of a peak corresponding to the energy of the 
level (245 keV) but since there was a radioactive gamma-ray 
of 239 keV present in the background it was difficult to 
decide whether this peak could be due to the transition in 
111 Cd or not. 
In the case of 113cd the first excited state is of incorrect 
parity for an E2 transition. Coulomb excitation of only 
the second, sixth and eighth levels has been reported 
[Mc 58]. The gamma-rays from these levels were recorded 
using a Nal detector and from 2.1- to 2.3 - MeV incident 
protons. The gamma-rays from the eighth level were found 
to be a factor of 10 less intense than those from the 
other two levels. Since a Ge(Li) detector (which is far 
less efficient than a Nal detector) was used in this work, 
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it is not surprising that the gamma-rays corresponding to 
the eighth level were not observed. The spins of the third, 
fourth and fifth levels have not been firmly established 
[Ra 71] thus it is not known whether E2 transitions to 
these levels are possible. 
Indium (Z=49) : - No gamma-ray was observed that could be 
ascribed to indium. 
Tin (Z=50) : - No gamma-ray was observed that could be 
ascribed to tin. 
Tellurium (Z=52) : - This element was only irradiated 
with 11-MeV alpha particles and no gamma-ray was observed 
that could be ascribed to tellurium. 
Barium (Z=56) : - No gamma-ray that could be ascribed to 
barium was observed from a barium nitrate target. 
Lanthanum (Z=5?) · - No gamma-ray that could be ascribed 
to lanthanum was observed from a lanthanum oxide target. 
Cerium (Z=58) : - No gamma-ray that could be ascribed to 
cerium was observed from a cerium fluoride target. 
Praseodymium (Z=59) . No gamma-ray that could be ascribed 
to praseodymium was observed from a praseodymium fluoride 
target. 
58 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
Neodymium (Z=60) · - No gamma-ray that could be ascribed 
to neodymium was observed from a neodymium fluoride target. 
Erbium (Z=68) · - The target of erbium oxide powder in 
a KAPTON cell was only irradiated with the 5-MeV alpha 
beam. Levels of four of the six naturally-occurring 
erbium isotopes were excited. The abundances in nature 
of the remaining nuclides are low. The low-energy threshold 
of the gamma-ray spectrometer used was too high for ga~ma­
rays from the first excited states of the erbium nuclides 
to be observed. The sensitivities offered for erbium 
analysis were very poor. 
Hafnium (Z=72) : - Gamma-rays were observed from four of 
the six naturally-occurring hafnium isotopes during the 
bombardment of hafnium lumps in a KAPTON cell. The 
abundances of the remaining two stable isotopes, 174 Hf 
and 1 7 6Hf, were very low. The sensitivities calculated 
. from observed gamma-rays were poor and offered little 
potential analytical use. 
Tantalum (Z=73) · - The 136-keV gamma-rays observed from 
tantalum, during bombardment with beams of each alpha 
energy, offered good sensitivity for the analysis of this 
element in that concentration range corresponding to a 
minor, but not trace, component. Such analysis, of course, 
necessitated all collimators being manufactured from 
materials other than the normal tantalum ones used in 
these investigations. 
59 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
Tungsten (Z=74) : With the exception of 180 W, which 
has a very low abundance in nature, all the stable 
tungsten isotopes contributed to the gamma spectrum of 
the element. The first excited state of 183 W had an energy 
well below the threshold of the spectrometer used and so 
was not observed. A peak at 293 keV remained unassigned. 
The 122-keV gamma ray offered a fairly good sensitivity 
for analysis using 5-MeV alpha particles (provided Fe is 
known to be absent) because the peak in the spectrum 
overlapped that corresponding to 5 7Fe a(2,l) which has the 
same energy. 
Rhenium (Z=75) : - Gamma-rays were observed from the 
excitation of levels of both stable rhenium isotopes. 
Because the second level of 187 Re was of different parity 
from the ground state, it was not excited by Coulomb 
excitation and its decay gamma-ray was there f or e not 
observed. Only the 125- and 134-keV ganuna-rays offered 
a reasonable sensitivity for the analysis of the element . 
Iridium ( Z=??) Levels of both stable iridium iso topes 
were excited. The energy of the firs t excited state of 
l93Ir coincided exactly with that of the iridium KS X-rays, 
therefore the data given for peak intensity and sensitivity 
in the tables represent the combined value of both gamma -
and X-rays. The parity of the third energy level of l91 Ir 
is different from that of the ground state; the transition 
is therefore not of E2 type and no gamma-rays were observed 
f rom decay of that state. 
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• 
Platinum (Z=?B) : - Gamma-rays were observed from excitation 
of levels of five of the six platinum isotopes present in 
nature. The natural abundance of l90pt is very low and it 
did not contribute to the spectrum. Although the fourth 
and fifth levels of l95pt contributed to the spectrum, no 
gamma-rays were observed from the third excited state, 
even though the state was of the same parity as the ground 
state and of the correct spin for excitation by an E2 
transition. Gamma-rays from this level have been Coulomb 
excited by means of protons of 4.5 MeV [Mc 59], alpha 
particles of 10 and 15 MeV [Br 70] and also 16 0 ion beams 
of 35 MeV [Ku 69]. The observed gamma-rays were, in each 
case, of very low intensity as compar d to the 211-keV 
195pt a(4,0) gamma-rays and in the present work some 
indication of a small peak in this region of the spectrum 
was observed~ 
Only the 329-keV gamma-ray, 194pt a(l,O), offered a 
reasonable sensitivity for analysis under 5-MeV alpha 
bombardment, but l95pt a(4,0) and l96pt a(l,O) became 
useful when 11- and 16-MeV alpha particles were used. 
Gold (Z=79) : - Several levels of the stable gold isotope 
were excited. The energy of the first excited state of 
197 Au coincided exactly with that of the gold KB X-rays, 
therefore the data given for peak intensity and sensitivity 
are the sum of both gamma- and X-rays. Two levels of 
197Au, the fourth and fifth were not excited. The fourth 
level has a parity different from that of the ground state, 
thus it was not excited by an E2 transition, and was not 
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observed. The existence of the fifth level is not well 
established [Le 72] and tqerefore the failure to observe 
a gamma-ray from this level is not surprising. Only the 
combined X-ray and gamma-ray peak and 197Au a(3,0) 
offered potentially useful sensitivities for analysis using 
5-MeV alpha particles whilst with increasing incident-
alpha energy, 197Au a(6,0) became comparable in sensitivity. 
Mercury (Z=BOJ · - The target irradiated to give data on 
the gamma-rays from mercury was mercurous phosphate. 
Gamma-rays were observed from Coulomb excitation of levels 
of four of the seven stable mercury isotopes. No gamma-rays 
were observed from l96Hg which has a very low natural 
abundance, or from 201Hg and 20 4 Hg for which only incon-
clusive a~d fragmentary nuclear level schemes are available. 
It seems possible that the unassigned complex peak listed 
as the doublet 481/493 keV could be the result of excitation 
of these nuclides. None of the gamma-rays that was 
observed was of sufficient intensity to be of analytical 
use. 
Lead (Z=82) : - No gamma-ray that could be ascribed to 
lead was observed from a target of pure lead. 
Bi smuth (Z=83) : - No gamma-ray that could be ascribed to 
bismuth was observed from a pure bismuth target. 
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CATALOGUE OF GAMMA-RAYS 
Identification of the origins of peaks observed in the 
spectra involved the comparison of the spectra with a · 
compilation of those gamma-rays that could be expected 
as a result of reactions on, or Coulomb excitation of, 
all the stable isotopes of each element studied. The 
latter in f ormation was contained in various volumes of 
Nucle ar Dat a Sheets. Individual references for each 
nuclide a re not given .since the "Cumulat ~ve Index to 
A-Cha i ns" contained in Ref. Nu 77 was used, thus avoiding 
unnecess ary repetition. 
The catalogue which follows contains a list, element by 
element, in order of atomic number, of all identified 
gamma-rays observed in the spectra of the 56 elements 
+ 
studied whilst under irradiation with 5-MeV 4 He ions. 
Additiona l data for these gamma-rays were provide d by 
irradiations with 11- and 16-MeV 4 He 2 + ions . For e ach 
gamma-ray, the energy, assignment, net count/me, 
b k d I c d · · · · mi 1 C 0 / ) ac groun cou t m an sens1t1v1ty in parts per /oo 
are given to two significant figures. Those values for 
11- and 16-MeV 4 He 2 + ions have been normalised to 1 mC 
of singly charged particles. 
The sensitivity for . each gamma-ray was calcul a ted as that 
concentration of the element which would give a nett count 
in the peak equal to three times the standard deviation 
of the peak background. 
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Although, generally, 5-MeV alpha irradiation produced 
mainly Coulomb-excited gamma-rays, once the energy was 
increased to 11 and 16 MeV many more peaks appeared in the 
spectra. For this reason the data obtained with the 
higher energy beams were only used to provide further 
information on those gamma-rays observed using 5-MeV 
alpha irradiation. Exception was made in the cases of 
carbon and oxygen where data were obtained for Coulomb-
exci ted gamma-rays which had thresholds that were too 
high for 5-MeV alpha excitation. In addition, tellurium 
was only irradiated with 11-MeV alpha particles. 
The values of "nett counts" and "background counts" were 
included in order that fair estimations could be made of 
the gamma-ray intensities as well as the magnitude of 
their backgrounds, since both parameters affected the 
calculated sensitivities. The actual numbers given were 
normalised from experimental data and are, of course, 
peculiar to the particular system used to measure them. 
In all cases the count rate, and therefore the sensitivity 
calculated, depended upon the solid angle subtended by 
the detector and its effeciency; the figures given should 
be regarded as comparative and order of magnitude values. 
However the inter-comparison among the data is relevant 
and of value for analytical application, both for possible 
determinations and prediction of any interferences that may 
occur. 
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CATALOGUE OF GAMMA-RAYS 
---r--------- - - -----
Element 
Lithium 
Boron 
Carbon 
Nitrogen 
Oxygen 
Fluorine 
Assigrnnent 
7Li a (l,O) 
JOB p(3,2) 
J OB p(2,l) 
J013 a(l ,O) 
l 013 p(3,l) 
llB . -m 
e 
11 B n(l ,O) 
lOB -2m 
e 
1013 -2m 
e 
JOB p(l,O) 
-m 
e 
-m 
e 
l 013 p(2,0) 
l OB p(3,0) 
12c - 2m 
e 
-m 
e 
12C a(l,O) 
1 ~N p(l,O) 
lSO n(l,O) 
lso n(2,l) 
170 n(l ,O) 
lSo n(3,1) 
170 n(2 ,1) 
160 -2m 
e 
16Q -m 
e 
160 a(2 ,O) 
19F n(2,l) 
19F a(l,O) 
19p a(Z,O) 
19F n(l ,O) 
19F n(4,3) 
5 MeV 
E y 
(keV) c/mC ~g/mC 
478 72000 6300 0.03 
170 4700 3600 1. 2 
593 not possible to integrate 
718 
768 
1291 
1802 
2313 
2662 
2832 
3086 
3173 
3343 
3684 
3854 
3100 
38 
170 
18 
1200 
880 
390 
230 
580 
210 
1300 
460 
1800 
710 
830 
280 
570 
1100 
570 
890 
1200 
470 
210 
18 
3417 not observed 
3928 not observed 
4439 not observed 
871 1500 
351 120 
1395 6. 8 
1634 2 . 2 
40 
12 
3. 3 
1.6 
1.3 
66 
16 
88 
1. 9 
3.7 
5.9 
12 
5.6 
9.9 
1.1 
0.87 
0.04 
1. 2 
11 
24 
2438 
2614 
1. 2 0.94 34 
0.15 0.4 170 
5109 not observed 
5620 not observed 
6131 not observed 
74 430 
llO 9600 
197 17000 
583 3600 
637 32 
3500 
3700 
2500 
660 
7.9 
0.37 
0.17 
0.42 
40 
65 
----;~~:~ ±~~-;----
c/n£ bg/m~~ 0 / 
00 
c/1•1C bg/mC 0 I 
00 
110000 180000 
47000 
80000 
150000 
21000 
2000 
not observed 
not observed 
nut observed 
not observed 
5800 
2700 
2300 
260)() 
5200 
3500 
760 
290000 1800000 
1500000 1500000 
2000000 810000 
400000 26CXXX> 
23000 l 2DOOO 
0.38 
0.80 
0.17 
3.4 
0.18 
0.30 
0.17 
0.25 
0.04 
0.02 
0.07 
0.82 
34000 
1({)00 
28000 
not observed 
not observed 
not observed 
not observed 
not observed 
28000 
18000 
15000 
50000 
SCXDJ 
llOOO 
23000 
22000 
22000 
0.62 
1.4 
0.36 
0.08 
0.11 
0.14 
cut off electronically 
3200000 1900000 
9 30000 1100000 
250000 270000 
10000 
0.02 
0.05 
0.10 
1.6 
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Element 
Fluorine 
(cont inued) 
Sodiwn 
S MeV 11 MeV 
Ass ignment ------- - -- ---- ! 
19F n(:'> ,O) 
1 9F a(3 ,l) 
19F p(l,O) 
19F n( S ,2) 
19F a (4,l) 
1 9F a (5,2) 
1 9F n(6,l) 
1 9F n( 7 ,l) 
1 9F a (4,0) 
19F n(4,0) 
19f -m 
e 
1 9F p ( Z,l) 
- 2m 
e 
-m 
e 
p(3' 1) 
2 3Na n (2 ,0 ) 
2 3Na a (l ,O) 
2 3Na - 2m 
e 
2 3Na n( 3,l) 
2 3Na p(4, 2) 
2
-
3Na p(2 ,i) 
23Na -m 
c 
23Na p(7 ,2) 
23Na p(3,l) 
2 3Na p(l ,O) 
23Na p(8, 2) 
2 3Na -2m 
e 
23Na p(4,l) 
2 3Na -m 
e 
(kcV) 
c/ nC bg/ mC 
+-----1-~---------
891 
1236 
1275 
890 
240 
3200 
1280 not resolved 
1349 
1357 
1369 
1400 
1459 
1528 
1570 
2081 
2160 
2671 
3182 
417 
440 
787 
830 
1003 
ll30 
1298 
1412 
1780 
1809 
1897 
1916 
2132 
2427 
220 
so 
63 
21 
47 
180 
9.6 
240 
16 
6.7 
34 
860 
1300 
100 
26 
llO 
670 
36 
34 
37 
13CO 
1. 5 
1. 8 
550 
180 
280 
170 
82 
100 
74 
150 
85 
56 
41 
35 
18 
7 
320 
280 
440 
150 
170 
240 
220 
190 
74 
94 
16 
17 
31 
12 
23Na p(S,l) __ 2Sll 
30 
4.9 
30 15 
23Na p(6,l) 
2 3Na p(7,l) 
2 3Na p(2 ,0) 
2 3Na p(9,l) 
2524 
254] 
2938 
3092 
19 
16 
27 
2.3 
9.0 
9.7 
5.5 
1.5 
c/mC bg/mC 
__ [ ______ _ 
1. 5 
3.3 
0 .30 
3.4 
ll 
9.3 
23 
15 
3.0 
45 
l. 5 
21 
37 
4.5 
0.54 
0.32 
5.4 
12 
3 .0 
0.59 
ll 
ll 
6.1 
0.19 
71 
60 
4.9 
19 
3.3 
4.0 
5.1 
2.3 
14 
78000 
7Co::fJ 
160'.XXl 
120000 
l CXXXX> 
100000 
not resolved 
49000 120000 
not resolved 
75000 
43000 
4200 
36000 
8300 
54000 
10000 
2100 
3900 
88000 
77ffi') 
54000 
55000 
38000 
650CXJ 
42000 
25000 
17000 
1400:.XJ 2CXXJOO 
180000 210000 
4100 
33000 
2ffi00 
30000 
1700 
7800 
2200 
53000 
not observed 
2200 
2500 
not observed 
10000 
not r eso lved 
3900 
1700 
2000 
46CXXI 
92000 
51CXXJ 
5(000 
30000 
50000 
17000 
41000 
14000 
14000 
21000 
16000 
14000 
8500 
0.23 
0.24 
0.10 
0.39 
0.21 
0 .35 
3.0 
0.35 
1. 2 
0.25 
1.1 
4 .0 
1. 8 
0.09 
0 .07 
1.4 
0.24 
0.22 
0.20 
2.6 
0. 75 
1. 6 
0.10 
1.4 
1.3 
0.38 
0.85 
1.8 
1. 2 
c/mC 
SlOC'O 
56000 
130000 
16 MeV 
bg/ mC 
1(-()000 
13CXXXJ 
l ZCXX:O 
not resolved 
49000 180000 
not resolved 
65000 
40000 
3000 
27000 
2900 
48000 
9200 
4200 
3800 
96000 
2400 
2SOOO 
14000 
24000 
980 
4500 
33CO 
38000 
1700 
570 
3300 
llOCXlO 
92000 
50000 
6600J 
54000 
73Q"X) 
580()() 
38000 
21000 
180C.XXJ 
170000 
480)0 
66000 
51000 
46000 
30000 
32000 
26000 
36000 
16000 
16000 
l~ 
not observed 
4600 
not resolved 
2100 
680 
2500 
18000 
17000 
9900 
lfDOO 
66 
0.36 
0.30 
o. J 2 
0.39 
o. 23 
0.35 
3 . 4 
0 .44 
3.7 
0 . 26 
1. 2 
2 . 2 
1.8 
0 .1 2 
0 . 0~ 
2.4 
0. 27 
0.43 
0 . 23 
4.6 
1.0 
1. 3 
0.13 
1. 9 
S. 7 
1.1 
0. 76 
1.6 
3.8 
1.3 
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67 
5 MeV r--- 11 MeV 16 MeV 
E 
Eleirent Assignment y 
(keV) 
c/:rC bg/111C 0 I OU c/mc bg/mC 
0 
l oo c/mc bg/C 
0 
/(lO 
Magnesiwn 25Mg a(l,O) 585 170 6W 5.6 
26Mg n( 2,l) 755 26 520 32 
24Mg p(l,O) 844 270 950 4.3 
24Mg p( 2 ,0) 101 5 160 650 5.9 
26Mg n(l,0) 1273 290 280 2.1 
25Mg n(l,O) 1779 170 86 2.0 
26Mg n(4,l) 1794 . 16 56 13 
26Mg n(2,0) 2028 31 27 6 . 2 
25Mg -m 2328 4. 2 14 32 
e 
26Mg n(3 ,0) 2426 36 20 4.6 
25Mg n( 2, l ) 2839 24 16 6.2 
Aluminitnn 27Al n(l,O) 677 56 220 25 
27Al n_(2,0) 709 380 340 4.6 
27Al a (l,O) 844 91 270 17 
27Al a( Z,O) 1015 77 280 21 
27Al - 2m 
e 
1214 220 300 7.4 
27Al p(2,l) 1263 510 330 3.4 
27Al p(S,2) 1311 63 220 22 
27Al p(6,2) 1332 13 200 100 
27Al n(3,0) 1454 43 210 32 
27Al p(3,l) 1534 69 240 21 
27Al p(4,l) 1552 30 240 50 
27Al -m 1725 110 410 10 
e 
27Al p(l,O) 2236 1400 170 0.87 
27Al - 2m 
e 
2476 96 110 10 
27Al p(5,l) 2574 6.2 63 120 
27Al p(6,l) 7.595 100 94 9.2 
27Al -2m e 2748 14 98 68 
27Af -me 2987 59 94 16 
27Al -m 
e 
3259 obscured by Compton edge 
27Al p(2,0) 3498 160 39 3.8 
27Al p(3,0) 3770 40 26 12 
Silicon 29Si p(l,O) 78 97 140 12 25000 3SOOCO 2.2 cut off electronical l y 
c2ssi+3 0si) - 2me 1213 5.4 8.1 50 7600 61000 3.l 9400 67000 2.6 
28Si p(l,O) 1266 7.4 4.3 26 9cxro 1300'.Xl 0.38 1600'.Xl 90000 0.18 
29Si a(l ,O) 1273 3.1 3.9 60 380 5400 18 not resolved 
-
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Element 
Silicon 
(continued) 
Phosphorus 
Sulphur 
Chlorine 
Potassium 
Calcium 
Scandium 
Titanium 
Vanadium 
68 
Assignment 
,-- ------------S McV - ,-
- - bg/mC --0~-1--- c/rnC 
00 
E y 
(keV) 
c/n£ 
11 McV 
bg/rnC c/mC 
16 ~~v 
bg/mC 
f-- -1-- ~-· --··-- -- - ------- ·--+------
(28Si +3 05i) -m 172'1 
e 
zssi a (l ,O) 1779 
30si a (l ,O) 
28Si p(2,0) 
3lp -2m 
e 
3lp p(2,l) 
31p a(l,O) 
3lp - m 
e 
31P p(l,O) 
3lp" -Zm 
e 
3lp -m 
e 
3lp p(2,0) 
3sc1 -2m 
e 
35CJ. p(2, 1) 
37Cl p(l,O) 
35Cl p(3,l) 
35Cl -m 
e 
35Cl p(l ,O) 
39K p(2,l) 
39K p(3,l) 
39K p(l ,O) 
4 5Sc a(2 ,1) 
47Ti a(l ,O) 
48Ti n(l,O) 
46Ti a(l ,O) 
48Ti a(l ,O) 
Sly n(l,0) 
Sly n(2,0) 
Sly n(3,2) 
Sly a(l,0) 
Sly a(2,l) 
51V a(2,0) 
2235 
1105 
1176 
1266 
1616 
2127 
2282 
2793 
3304 
1146 
1210 
1461 
1643 
1657 
2168 
313 
1524 
364 
159 
749 
889 
983 
54 
157 
207 
320 
609 
929 
2.7 4.5 
4.2 6 .1 
29 1.9 
not resol ved 
S. 7 
7. 4 
l.6 
2 
47 
0 .52 
0 . 49 
1.0 
3.7 
1.1 
0.56 
. 3.6 
2.2 
32 
2. 8 
1.6 
14 
43 
390 
16 
11 
40 
5.1 
32 
10 
620 
o. 75 
2.5 
9.6 
7.9 
5.1 
7 
2. 6 
0. 77 
0.54 
1.4 
5.0 
3.1 
3.6 
6.5 
4.5 
1.5 
8 .6 
3.9 
2.4 
650 
91 
9.9 
3.6 
3.4 
llO 
130 
43 
36 
1. 9 
1. 3 
75 
56 
4. 6 
2.3 
1. 6 
6.1 
5.r, 
0.15 
7.1 
6.4 
4.8 
30 
77 
170 
35 
49 
1.9 
17 
19 
1. 7 
31 
2.3 
19 
16 
4.4 
190 
34 
61 
0.91 
170 
43 
2500 2400 
17CXXX) 
38000 2£'000 
not res olved · 
22000 320CXXl 
1. 8 
0.17 
0. 35 
1.1 
2600 
900'.X) 
50'.Xl 
2600CO 19 
100'.X) 
llOCOJ 
lCXXYJCX) 
480000 
13000 
13000 
620CO 
620CO 
580CO 
570CXXl 
430CXXl 
2200'.X) 
63000 
lOCXXXl 
not observed 
0.26 
4.7 
2. 3 
0-68 
0.06 
0.09 
1.8 
2 .3 
3.._')()() 
130000 
42000 
28000 
7400..') 
2<DOO 
not r esolved 
5200 
140JO 
12.0CXXJ 
6700 
140'.XXJ 
82000 
240000 
not observed 
92000 
5900 
23000 
130000 
660CO 
7000) 
5.4 
0 . 20 
o. :53 
2.2 
0.63 
0.06 
3.1 
0.37 
4.2 
l.l 
cut off electronically 
6100CO 
430CXXl 
4200 
28('}) 
500'.X)Q 
320000 
690CD 
6f000 
not obse rved 
0.11 
0.13 
6.0 
8.7 
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Element 
Chromium 
Manganese 
Iron 
Cobalt 
Nicke l 
Copper 
Zinc 
Galliwn 
Bromine 
Assigrn~ent 
53Cr a (l,O) 
50cr a (l ,O) 
54Cr a (l,O) 
SS/1hl a (l ,0) 
551i!n a (2,l) 
57Fe a (2 ,l) 
57Fe a (2 ,0) 
5 7Fe a (3 , 2) 
57 f'e a (3 ,l) 
57re a (3,0) 
5 8Fe a (l ,O) 
5 6Fe a_(l ,O) 
63Cu a(l ,O) 
6 5Cu a (l ,O) 
6 3Cu a (2,0) 
65Cu a(2,0) 
67 Zn a (l,O) 
67Zn a(2 ,0) 
6 4zn a(l ,O) 
66 Zn a(l ,O) 
6 8zn a(l ,O) 
79Br a(2,0) 
79Br a (3,0) 
81Br a (l ,O) 
79Br a(4 ,0) 
7 9flr a (5,0) 
7 9Br a(6,0) 
BlBr a(3,0) 
79Br a(7,0) 
59 
E y 
--=-=;;~ · [----1-1-~------~ --==---~--~-1-6_-_MeV---~---~~ 
(keV) 
564 
78 3 
835 
126 
858 
122 
137 
230 
o I o 
c/JTC bg/mC I / c/mC bg/ mC I 
00 
00 J ________ ----
8.2 
8.4 
3.5 
3700 
3.6 
70 
8 . 6 
1. 6 
13 
5.1 
4.0 
610 
1.6 
44 
34 
18 
42 
26 
54 
0.63 
34 
9.0 
64 
250 
not observed 
2000 32COJ 
not obser ved 
42000 5800:)() 
14CXXl llCXXXl 
not observed 
not obse rved 
not observed 
6.6 
0. 70 
0. 96 
353 obscure d by 1 so not obse r ved 
367 
811 
847 
670 
771 
962 
lll6 
93 
185 
992 
1039 
1077 
217 
261 
276 
306 
397 
523 
538 
006 
2.5 
0 . 54 
59 
9.6 
1. 8 
2.3 
0.56 
6.2 
36 
6.2 
2.0 
0.90 
130 
12 
llO 
33 
2.5 
16 
4.3 
0.9.3 
JO 120 
1.1 180 
1. 7 2.1 
2.4 15 
o. 70 46 
1.1 43 
1.4 :<DO 
40 
7.1 
0.85 
0. 71 
0.63 
43 
22 
26 
17 
7 .o 
5.2 
6.9 
5 .0 
97 
11 
14 
41 
84 
1.6 
13 
1. 4 
4.0 
33 
4.6 
19 
76 
4600 65000 S.2 
not observed 
26CDJ 46CXXJ .0. 77 
1400 18000 8. 7 
1400 21CXXJ 10 
2:'00 10000 3.5 
720 6500 ll 
6300 140000 5.6 
not observed 
7700 
8600 
1300 
13000 
15000 
7500 
1.4 
1.4 
6.5 
bg/ 1:1C 
not obse rved 
5400 3100'.J 3 . ] 
not observed 
290:)() 39CXXX) 1. 2 
14000 84000 1. 2 
not obsenred 
not obse rved 
not cbserved 
not observed 
1800 00000 13 
1400 21000 9 . 9 
37CXXJ 120'.'AXJ 0 . 88 
2600 
760 
120CC 
1200 
62000 9.0 
330CO 23 
71000 2.1 
2EOOO 13 
cut off el ectroni cally 
not observed 
lOQCX) 
8500 
890 
140000 
70000 
11000 
52000 2.1 
47000 2.4 
25000 17 
680CXXl 
410000 
230000 
0.37 
0.59 
2.8 
not observed 
not obs er ved 
240000 
lCXXJ 
170CXXJ 0.11 
53000 14 
liDOO 75000 1. 5 
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Element 
Rubidium 
Strontium 
Yttrium 
Zirconillln 
Niobium 
M0lybclenum 
Rutheniwn 
Rhodium 
Palladiuni 
Silver 
Assignment 
85Rb cx(l ,O) 
96 Zr cx (l ,O) 
95t>V a (l ,O) 
97Mo a (l ,O) 
lO OMQ a (l,0) 
96fvb cx (l ,O) 
95~1o a (2,0) 
9 8tvlo ci (2,0 ) 
9 4~b a (l ,O) 
99Ru a(l,O) 
101 Ru a(l,O) 
104Ru cx (l ,O) 
102Ru a(l,O) 
100Ru cx(l,O) 
103Rh cx(3,0) 
10 3Rh a(4 ,0) 
lOSpd cx (l,0) 
ll Opd cx(l ,0) 
10 8Pd a(l , O) 
llOpd a(2,l) 
l 04 Pd a(l ,O) 
70 
-----··----·-----~-----------
11 ~lcV 16 McV 
E y 
-------- ---- -- -- - - --- ------!--- ---------
(kcV) 
c/nf.:. bg/mC c/mC hg/mC 
--- ---- --!-------·-----
151 82 2400 46 
1594 0 . 26 0.54 270 
204 
481 
536 
778 
786 
57 
1. 9 
23 
1. 5 
1. 5 
787 not resolved 
30 
·2. 7 
2.1 
0.50 
0. 60 
871 obscured by 1 ''N 
89 
127 
358 
475 
540 
295 
358 
281 
374 
434 
440 
556 
38 
48 
94 
25 
3.7 
1000 
690 
8.8 
150 
130 
13 
11 
330 
250 
57 
73 
39 
130 
31 
31 
33 
40 
14 
3.9 
9.0 
83 
6.0 
44 
so 
45 
31 
7.6 
33 
160 
1.1 
0.77 
60 
3.6 
4.5 
28 
17 
not observed 
2600 
890 
2300 
940 
1300 
not resolved 
44000 
37000 
950 
15000 
21000 
17000 
7000 
3800 
2600 
2500 
36000 
22000 
4.7 
8 .9 
2.5 
5. 8 
3 . 8 
0 .41 
0.39 
19000 14 
28000 0 . 29 
35000 0.23 
not resolved 
3200 13000 0.93 
c/mC b g/mC 
not observed 
11000 
3800 
13000 
2200 
14(X) 
not resolved 
1800 
9200 
1900 
not resoJ.ved 
2700 
SlCXD 
2CU)O 
ZSOCXJ 
11000 
10000 
600'.X) 
48000 
1.9 
3 .5 
l. 2 
4 . 5 
6. 9 
o. 78 
0.69 
51000 12 
65000 
38000 
25000 
2.6 
9.8 
5 . 7 
102Pd a(l,O) 557 
10 7Ag a(2,l) 
109Ag a(3,2) 
l09Ag a (2,0) 
107Ag cx(l,O) 
109Ag a(3,0) 
107Ag a (2 10) 
98 
103 
312 
325 
415 
423 
20 
18 
380 
310 
140 
120 
150 
180 
69 
41 
16 
11 
58 
70 
2.1 
2.0 
2.7 
2.6 
2900 
1400 
11000 
12000 
16000 
14000 
7 '!IX'/J 8.9 
73000 19 
45000 1.9 
48000 1. 7 
17000 0. 81 
16000 0.89 
cut off electronically 
5700 
7400 
6800 
99CD 
11000 
49000 
37000 
37000 
23000 
23000 
3 . 7 
2.5 
2.7 
1. 5 
1.2 
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Element Assignment 
E y 
(keV) 
__________ __ ___ !_ 
Rhenium 
Iridi.Lm1 
1 85Re a(l,O) 
1 87Re a (l,O) 
185Re a(2,l) 
187Re a ( 3,l) 
185Re cx (2 ,0) 
187Re cx(3 ,0 ) 
1 33lr cx (J.,O) 
1 93 Ir cx(3 ,l) 
19 1Ir cx(2 ,0) 
19 3 . 
I r cx(2 ,0) 
191 
I r cx(4 ,0) 
193 
125 
134 
159 
167 
285 
301 
73 
107 
1 29 
139 
179 
c/mC 
650 
llOO 
45 
58 
5. 7 
6.4 
510 
9.9 
290 
450 
6 . 4 
bg/rnC 
4 20 
210 
63 
53 
15 
14 
260 
97 
150 
89 
32 
I r a (3,0) 180 not r esol ved 
Plat inum 
Gold 
19 1 
lr o: (S,2) 
19 3 
I r cx (4 ,2) 
J 9 i 
lr cx(S,O) 
193 
Ir a (4,0) 
193 
Ir o.(5,0) 
1 95Pt a (l ,O) 
19 5Pt a (2 ,0) 
19 5Pt a(S,l) 
19 5Pt a (4,0) 
1 95Pt a (S,0) 
19 2Pt a(l ,O) 
194Pt a (l,O) 
196 Pt cx (l ,O) 
19 6Pt a( l ,O) 
197Au a(J. ,O) 
1 97Au a ( 2,l) 
197Au a (2,0) 
197Au o.(3,0) 
19 7Au cx (6 ,0) 
214 
21 9 
343 
358 
362 
99 
130 
J. 40 
211 
239 
317 
329 
356 
407 
77 
192 
269 
279 
548 
13 
19 
14 
2.9 
J.6 
4.1 
3.2 
6. 7 
65 
23 
2.8 
70 
30 
3.0 
190 
15 
2.0 
70 
1.2 
24 
19 
5.7 
4. 3 
4.6 
72 
59 
54 
35 
18 
9.6 
10 
9 .0 
2.6 
140 
36 
6.8 
JS 
1.5 
l2 
1---~eV --r---- -----·---· 
rc/;;C bg/O:: 01 00 
----~-· ---- ··----- -
3 .0 
l. 2 
17 
12 
65 
55 
3 .0 
94 
3 . 9 
2.0 
84 
36 
21 
16 
67 
13 
200 
230 
100 
8.6 
17 
100 
4.3 
9.5 
52 
5.7 
39 
120 
5.0 
97 
18000 
5400 
1900 
6900 
HD 
750 
13000 
llOO 
6800 
12000 
7800 
not resol ved 
not resolved 
5700 
2100 
4300 
not resolved 
350 
180 
not observed 
2700 
1200 
11000 
13000 
7100 
la:JO 
24000 
680 
1800 
4900 
2000 
45000 1.1 
35000 3 . 3 
3100'.) 8. 8 
3.8000 2 . . ,
9700 59 
6800 10 
29000 1. 2 
30000 14 
39000 
25000 
26000 
18000 
7400 
8900 
2. 7 
]. 2 
1. 9 
2. 2 
3.9 
2.1 
17000 35 
15000 66 
250)0 5.6 
2SCOO 13 
11000 
31000 
17000 
7~0 
3(0()() 
0.87 
1.3 
1. 8 
7.1 
0. 76 
17000 18 
8900 4.9 
13000 2 . 2 
2400 2.3 
16 MeV 
c/mC bg/mC: 
8000 
12000 
2200 
4000 
350 
840 
30000 2.1 
2?.000 1. 2 
22000 6 .4 
lSC()O 3.0 
5900 21 
5400 8 . 3 
cut off electro11i caliy 
obs c ured by cut -cff 
5000 
78CXl 
260 
not reso l ved 
not rcsol.v".) c1 
7800 
1700 
2600 
not r esolved 
JlOOO 1.9 
9(:00 l. 2 
6400 29 
9500 1. 2 
3400 3 . 2 
2 .0 
cut off ekctronically 
670 
500 
l 2CDO l s 
4000 
1200 
not reso lved 
8800 
5200 
870 
85'.X) 18 
6fDO 
5800 
5800 
4000 
2900 
l. 9 
5.9 
0. 82 
1. 2 
5.9 
cut off electroni cally 
1800 
240 
5800 
2900 
7000 4.4 
2600 20 
5100 1. 2 
l !:>JO 1.4 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
73 
.. 
5 MeV 11 MeV 16 MeV 
E 
Element Ass i grurent y >-----· --- ·--· 
(keV) 
c/ mC bg/mC 0 c/ rrC bg/mC 0 1 c/ni:, I l oo 00 ig/mC 
o . 
100 
---
Mercury 19.9Hg a(l ,O) 158 16 65 42 
199Hg a(2,0) lD8 2.7 28 160 
200Hg a(l,O) 368 3. 5 16 94 
198J-lg a(l ,O) 412 1. 5 15 2.20 
202Hg a(l ,O) 439 1. 9 7.7 120 
Lead -
Bismuth 
-
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ATLAS OF SPECTRA 
The spectra in this section are arranged in the order of 
atomic number. Where the spectrum is of a compound, it is 
placed in the order of the lightest element it illustrates. 
The elements represented in this compilation are given in 
the form of an outline of the periodic table which precedes 
the spectra (see Figure 10). Each spectrum is titled, 
thus no captions or figure numbers are necessary. Each 
identified peak is labelled with the energy and assignment 
of the corresponding gamma-ray. Peaks, the origins of 
which are unknown, are labelled with their corresponding 
energy. Escape peaks from high-energy gamma-rays are 
labelled as "-me" and "-2me" for the first and second 
escape respectively. 
~pectra are presented in the form of blocks, each of 
one thousand channels. Commonly the first block contains 
all the features of interest, in which case the elements 
are given two to a page. When however, more than one 
block is required only that element is illustrated on a 
page. In order that gamma-rays of low intensity can be 
plotted together with those of high intensity all spectr~ 
are plotted on semi-log paper. Some spectra which have 
densely populated regions have insets in which the circled 
portion of the spectrum is illustrated below it, using the 
same vertical scale, but an enlarged energy axis for the 
sake of clarity. 
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3 5 6 7 8 9 
Li B c N 0 F 
11 12 13 14 15 17 
Na Mg Al Si p Cl 
19 20 22 23 25 26 29 30 35 
' K Ca Ti v Mn Fe Cu Zn Br 
42 44 45 46 47 48 
Mo Ru Rh Pd Aa Cd 
56 57 73 74 75 77 78 79 80 
Ba La Ta w Re Ir Pt ~ Ha 
I I I I I I I I I I I I I I I 
Figure 10 Outline of the Periodic Table in which 
the named elements are those for which 
spectra are reproduced in the Atlas of 
Spectra. 
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CONCLUSION 
Generally speaking increased · alpha energy brought increased 
potential analytical sensitivity. This was not necessarily 
true for those gamma-rays which resulted from nuclear 
reactions, for which the 11-MeV alpha particles seemed 
to provide the highest sensitivity, even better than 
that with 16-MeV particles. However, with this increased 
sensitivity came an increased general background which 
was often several orders of magnitude greater than the 
background in spectra measured during 5-MeV alpha bombard-
ment. 
With regard to the data obtained for 5-MeV alpha irradiation, 
it was found that the sensitivities calculated were order-
of-magnitude values, the actual sensitivities being rather 
better than those given in the catalogue, for all elements 
that were subsequently investigated individually. 
It is felt that th  results of the survey permitted intell-
igent selection of those elements which had analytical 
potential using prompt gamma-ray spectrometry. The sens-
itivity, dependent, as it was, on the background, had to 
be determined for the particular matrix under consideration. 
Possible interference from both radioactive and prompt 
backgrounds, as well as from other matrix components, had 
to be investigated thoroughly. It was intended that the 
spectra and tabulated data should provide a reference 
allowing such interference to be predicted. 
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The broad conclusions that may be drawn from this survey 
are summarised in Table 4 below. 
Table 4. Summary of sensitivities calculated for the 
elements at the different alpha bombarding 
energies 
E y 
Sensitivity 
5 MeV 11 MeV 16 MeV 
Sc Cr Cu 
Greater Than 
Zn Rb Zr 
10 ° I 00 Er Hf Hg 
0 Mg Si Sc Cr Cu Sc Cr 
Cl K Ti Zn Mo Cd Cu Zn 
Fe Br Mo w Re Ir Pd Ag 
Between 
Ru Pd Ag Re Ir 0 1 and 10 I 00 Cd Ta w 
Re Ir Pt 
Au 
Li B N c 0 F c 0 
F Na Al Na Si Ti Na Si 
Better Than 
p v Mn v Mn Fe Ti v 
1 0/ 
00 Rh Rh Pd Ag Br Rh 
Ta Pt Au w Pt 
Bombarding particles of 5 MeV were easier to obtain in 
relatively intense beams than were 11-MeV particles at 
Mn 
Mo 
Cd 
Au 
F 
K 
Fe 
Ta 
99 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
the 6 MV Van der Graaf£ at SUNI. This energy was therefore 
used to investigate analysis in more detail of some 
elements which showed the best potential sensitivities. 
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INTRODUCTION 
Consideration of the nuclear methods available for the 
determination of fluorine shows a division of the techniques 
into activation analysis and prompt spectrometry. Activa-
tion with thermal neutrons results in the formation of 
11.1-sec 2 °F, whilst fast neutrons form ~09.8-min 18 F, 
both of which are produced in relatively low yields and 
hence analyses are not sensitive. Charged-particle 
activation is usually subject to interference from oxygen. 
By contrast, prompt methods make use of specific properties 
of the 19 F nucleus so that analyses are less subject to 
interference, yield results relatively quickly and where 
high precision is needed, it may be achieved by extending 
the duration of the bombardment. 
The prompt nuclear method previously used [Mo 67, Be 69] 
depended on the measurement of prompt gamma-rays that 
are emitted from the high resonances that occur in the 
reaction 19F(p,ay) 16o at proton energies of 1348 and 
1375 keV. The gamma-rays emitted from the excited levels 
of 16 0 have energies of 6.131 MeV, 6.919 MeV and 7.119 MeV. 
This technique is sensitive and well-suited for the measure-
ment of the spatial distribution of fluorine concentration 
because the resonance is sharp, thus limiting the region 
of analysis to that where the proton energy is at the 
r esonance energy [Ga 72]. 
In order to determine averag~ fluorine concentrations, the 
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value most often required, the use of gamma-rays produced 
as a result of inelastic scattering is preferred. The 
excitation functions for two of the different gamma-rays 
resulting from inelastic scattering of alpha ·particles on 
a calci~m fluoride target are shown in Figure 11; that 
for the proton resonance reaction is shown as an inset. 
The cross-sections for the alpha-induced gamma-rays 
increase smoothly and slowly with alpha-particle energy. 
Hence the gamma-ray yields are far less sensitive to 
bombarding-particle energy and thus to the depth distribu-
tion of the fluorine in the portion of the sample analysed 
[Gi 76]. 
RESULTS AND DISCUSSION 
Chemically pure fluorides of the twenty-one metals 
illustrated in Figure 12 were bombarded with 5-MeV 4He+ 
ions in order to assist in establishing the identity of the 
large number of gamma-rays recorded in the spectrum. In 
this way a thorough knowledge of the fluorine spectrum was 
built up. The gamma-rays observed, together with their 
assignments are listed under fluorin e in the Catalogue 
of Gamma-Rays. Typical spectra may be seen in the Atlas 
of Spectra on pages 81 (CaF 2 ) and 83 (MgF 2 ) • 
. I . The origin of these prompt gamma-rays is illustrated 
diagramatically in Figure 13. The nuclear levels of the 
product nuclei and the observed spontaneous radiative 
transitions between them are given for each of the observed 
reactions. 
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Ca Sc Mn Fe Co Cu Zn Ga 
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56 82 83 
Ba Pb Bi 
I 58 59 
Figure 12 Outline of the Periodic Table in which the 
named elements refer to pure fluorides 
irradiated in this investigation. 
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Figure 13. Decay transitions resulting in observed gamma-
rays from the reactions 19 F( a , a 'y)l9F, 
19F(a,ny) 22 Na and 19 F(a,py) 22 Ne. 
Despite the apparent comple~ity of the gamma-ray spectrum 
the gamma-rays of 110, 197 and 1275 keV were so intense 
even for short bombarding durations, that they were highly 
suited for analytical purposes. The gamma-rays of 583 keV 
appear to be intense but the signal-to-background ratio 
in this region of the spectrum is detrimental to attaining 
good precision at low concentration. The tremendous 
intensity of the two low-energy fluorine pe aks as compared 
to the background is clear from Figure 14. 
The use of the peaks corresponding to 110 and 197 keV 
in addition to those of 1275 keV was investigated for the 
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Typical spectrum of a pure fluoride showing the 
remarkable intensities of the 110- and 197-keV 
gamma-rays. 
quantitative determination of fluorine. The proce dures 
described in Chapter II for the integration o f p ea ks a nd 
background subtraction were used. 
The determination of absolute fluorine concentrations 
required a calibration using standards of known fluorine 
content. Initially this calibration was attempted by 
means of a series of calcium fluoride - calcium hydroxide 
mixtures with fluoride content ranging from 0.8% to 33%, 
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the preparation of which has been de scribed in Chapter II. 
Three pills were made from each mixture thus enabling 
triplic a te analyses using a beam o f 5-MeV 4 He+ ions. A 
summary of these data is presented in Table 5 wh i ch li st s , 
for each sample, the mean value of the "counts per µC" 
together with its error and percentage e rror obtained from 
integration of the peaks corresponding to the 110-keV, 
197-keV and 1275-keV gamma-rays. Plots of all the data 
for the 110-keV (itnd 197- keV gamma-rays are shown in 
Figures 15 and 16, in which the lines were calculated 
by the method of least squares. 
By computing the value "counts per µC per 1% F" for each 
sample it was possible to compare all the results with one 
another. From Table 6 it is seen that the values of the 
overall standard deviation of the results for each peak 
were 9.2 %, 6.1 % and 5.2 % respectively. Since the expecte d 
error due to statistical fluctuations was of the order of 
1 % these fluctuations are too large. However, as has been 
been explained in Chapter I the change in the range of the 
alpha particles has to be taken into account. In this 
case, the correction was simplified since the exact 
composition of the mixtures was known. Values were obtained 
f or each analysis for the quantity "counts per µC per 1 % F 
pe r unit range", and the mean values and er r ors are also 
contained in Table 6. An obvious improvement in pre c ision 
was observed but a large error, greater th an th a t 
ascribable to statistical errors on raw data, s till r emained. 
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Table 5 
.Known 
fluorine 
content 
% 
0.8081 
1.1203 
1.6171 
2.2789 
3.2156 
4.9313 
6.3948 
9.1642 
12.3093 
18.0123 
24.3244 
32.8107 
Results of analyses of mixtur es of 
calcium fluoride with calcium hydroxide 
110 l<eV 197 keV 1275 keV· 
Counts per µC Counts per µC Counts per µC 
Mean Error Error % Mean Error Error ·% Mean Error Error 
90.8 12.1 13.4 115.9 11.9 10.3 22.6 1. 7 7.3 
121.3 5.4 4.4 159.2 3.2 2.0 29.9 2.0 6.6 
192.4 19.9 10.3 251.0 15.9 6.3 45.8 3~0 6.6 
262.0 6.5 2.5 336.0 5.7 1. 7 63.1 0.8 1.3 
355.0 45.2 12.7 461.4 35.7 7.7 87.1 4.1 4.8 
536.3 19.1 3.6 685.3 14.2 2.1 129.5 1.9 1.4 
669.8 60.8 9.1 893.0 45.9 5.1 172.9 7.9 4.6 
1122.5 30.8 2.7 1420. 7 22.1 1.6 258.8 1. 7 0.6 
1342.0 89.4 6.7 1759.3 72.1 4.1 338.2 10.4 3.1 
2244.4 103.4 4.6 2809.5 90.3 3.2 516. 7 9.6 1.8 
2657.6 23.1 0.9 3560.0 10.3 0.3 680.1 13.1 1.9 
4053.9 179.6 4.4 5226. 7 201. 7 3.9 1004.5 32.0 3.2 
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Table 6. Summary of analyses with and without range 
corrections 
llO keV 197 keV 1275 keV 
Mean Error Error % Mean Error Error% Mean Error Error % 
Count/µC/ 
1% F ll3.41 10.4 9.2 146 .4 9 8.9 6.1 27.83 1.5 5.2 
Values per 
unit range 21.68 1.9 9.0 28 .00 1.5 5.3 5.32 0. 24 4.4 
Using sodium fluoride another series of mixtures was made 
in the concentration range of 1 - 10%. Analysis of these 
mixtures by prompt gamma-ray spectrometry showed extremely 
poor correlation, not only between pills pressed from the 
same mixture but also from different mixtures. It was 
concluded that the cause for the scatter in the results 
from both series of mixtures lay in their inhomogeneity. 
It is clear from the small diameter of the bombarding 
beam (3 mm) and the short penetration of alpha particles 
into the materials under investigation c-20 µm) that the 
amount of the sample analysed is small. The validity of 
the analysis then depends on the extent to which this 
small portion represents the bulk of the sample. 
In order to ascertain whether the excessive errors were 
due to inhomogeneous mixing, the analysis was repeated 
using standard fluorspar samples [St 74], obtained from 
the Na tional Institute for Metallurgy, that had been 
carefully prepared so as to ensure homogeneity. Pills 
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were prepared from the five fluorspars numbered 63/70, 
9/69, 42/70, 27/72 and 36/72 and between 4 and 9 replicate 
analyses were carried out on each mixture. An immediate 
improvement in the precision of the results from individual 
samples was observed. This is illustrated by Table 7 which 
contains the number of analyses together with the mean 
value of "counts per µC per 1% F", standard deviation and 
percent standard deviation for each sample. The standard 
deviation of the results was now of the order of that µue 
J 
to statistical fluctuations which typically was -0.5%. 
Table 7. Summary of analyses of standard fluorspars 
(the means given are the mean values of 
"counts per µC per 1% F") 
Sample No. of 110 keV 197 keV 1275 keV 
No. Analyses Mean E Error Mean Error Error Mean Error Error rror 
% % % 
63/70 9 67.92 2.25 3.32 96.20 2.00 2.08 13.08 0.14 1.09 
9/69 7 68.83 0.49 0. 71 96.03 1.60 1.67 12. 78 0.14 1.09 
42/70 4 64.20 0.99 1. 54 91.10 0.58 0.63 12.19 0.16 1.30 
27 /72 4 74.82 1.19 1.59 104.56 0.67 0.65 14.05 0.12 0.88 
36/72 6 58.32 0.65 1.11 85.07 0.62 0. 72 12.11 0.14 1.12 
When these data were plotted in an attempt to obtain a 
calibration line of "counts per µC" against % F it was f ound 
that by no means could a straight line be drawn through 
all the points, (see Figure 17). This is due to the wide 
difference in the composition of the fluorspars and hence 
in the ranges of alpha particles ~n them. In order to obtain 
one straight line linking all the points it was necessary to 
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carry out a correction for range. However the exact 
composition of all the fluorspars was not known [St 74]. 
The composition of the fluorspars 27/72 and 36/72, apart 
from their calcium fluoride content, was unknown, except 
that they both contained a large proportion of iron oxide. 
Since the necessity for a range correction had been forseen, 
scatter data were acquired at the same time as the gamma-
ray spectra. The analysis of the scatter spectra was 
accomplished as follows [Gi 77]. The raw scatter data 
(an example of which is shown in Figure 18) consisting of 
several ill-defined steps were smoothed and differentiated. 
The differentiated spectrum consisted of a series of 
negative peaks, one at each of the st ps in the original 
data. The position of the peaks was easily determined 
and the area under the peak calculated by familiar 
procedures. In this way the major elements of the samples 
were determined (see Table 8). However all of the spectra 
had been acquired with the heights of the peaks in the 
gamma-spectrum as the criteria upon which the duration 
of bombardment depended, with the result that scatter 
spectra were acquired for a less than optimum time. 
Table 8. 
Element 
Example of empirical composition derived 
from backscatter data 
Fe Ti Sc Ca F 0 
Atomic fraction 0.308 0.036 0.023 0.238 0.226 0.169 
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Hence the lower energy (and therefore lower atomic 
number), peaks of the scatter spectra were not as well 
defined as they could have been with a longer bombardment. 
In order to overcome any errors that may have been 
introduced because of this, all cations shown in the spectra 
were assumed to be present as the oxides, with the exception 
of calcium which was assumed to be present only as CaF 2 • 
Heights of peaks from oxygen and fluorine were thus 
calculated on the basis of the concentrations of the other 
I 
elements present. The peak heights were then used, together 
with the mass numbers of the found elements, as data for 
the computer programme described in Chapter II. The output 
of the programme consisted of the fractional composition 
of the samples. This composition was used to calculate 
a value for the range of 5-MeV 4 He+ ions in each fluorspar, 
and "counts per µC per unit range" against % F was plotted 
as illustrated in Figure 17. Whilst the points still did 
not fall exactly on a straight line a valid best straight 
line could be drawn and it is clear that if better scatter 
data had been available a more accurate composition could 
have been found for each sample, thus improving the 
calculated range. The validity of the technique of utilizing 
scatter data to calculate a value for the range is clearly 
shown despite the poor counting statistics of the original 
scatter spectra. 
An examination of Table 9 further illustrates the improve-
ment in the results once a range correction is applied. 
A "least squares" straight line was fitted and the yield 
per 1% F calculated to compare all the results with one 
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another. The standard deviation of the results is given 
before and after the range correction was carried out. 
Clearly shown is the increase in precision which results 
from a consideration of the range. 
Table 9 Effect of range correction on precision of 
analysis using the 197-keV gamma-ray 
Sample Known fluorine Yield per A per un~t 
No. content % 1% F = A range 
63/70 46.89 96.20 16.66 
9/69 40.19 96.03 17.12 
42/70 32.04 91.10 16.71 
27/72 18.08 104.56 17.21 
36/72 3.35 85.07 15.54 
Mean 94.369 16.689 
Error ± 6.176 ± 0.766 
Error % 6.54% 4.59% 
Having established the use of alpha-induced prompt gamma-
ray spectrometry for the analysis of fluorine, it was 
decided to apply the method to the analysis of fluorine 
in the complex matrix of cement. 
DETE R~·II NATION OF FLUORINE IN CEMENT 
Introduction 
Cement is a common industrial material produced all over 
the world. Its manufacture involves the processing of 
geological materials from different sources, the composition 
of the ores having a profound effect on the performance 
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of the cement as manufactured. It therefore follows that 
rapid analysis of the raw materials as well as the final 
product is vital for process control. 
When fluorine occurs as a relatively minor component in 
geological material or industrial raw materials, analysis 
of the fluorine content is usually preceded by a digestion 
process in which the fluorine is solubilized, or by 
distillation of hydrogen fluoride under controlled con-
ditions [St 74]. Such analyses are usually tedious and 
time-consuming. Activation analysis of fluorine, though 
rapid, is subject to interference from oxygen, a component 
which is in high concentrations in the materials discussed 
here. 
Accordingly fluorine is seldom determined in cements unless 
the expected average fluorine concentration in the raw 
materials is so high that steps need be taken to decrease 
it. This is because the analytical procedures cannot 
yield results sufficiently rapidly to be of value for 
process control. Prompt gamma-ray spectrometry enabled 
largely interference-free analyses to be completed within 
20 minutes. The gamma-rays of 197 keV were selected as 
a measure of the fluorine content of the cements. 
Results and Discussion 
Cement samples were obtained from sources in the Cape and 
Transvaal in the Republic of South Africa, together with 
an analysed sample of high fluorine content from England. 
In addition, analyses were carried out by means of the 
fluoride ion-selective electrode on one each of the Cape 
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• 
and Transvaal samples [St 76]. Major component analyses 
were available for three of the cements from the Transvaal 
and England. The latter data enabled calculation of the 
range of 5-MeV 4He+ ions in those cements. The analyses 
together with the computed ranges for the Transvaal and 
English samples, are listed in Table 10. It is clear that 
the range did not vary significantly between samples and 
therefore no range correction was applied to the gamma-ray 
data. 
Table 10. 
Cement 
Calculated range of 5-MeV alpha particles in 
typical cements 
% composition w/w 
Range rng/crn2 
Si02 AJ.203 Fe203 Cao MgD S03 Na20 K20 F 
Eng 20.8 6.2 2.3 67.2 0.9 1.3 0.2 0.7 0.1(3) 5.691 
Tvl 1 24.0 4.0 2.4 66.4 2.2 5.679 
Tvl 2 24.1 3.7 2.4 67 .0 1. 7 5.684 
Figure 19 is the gamma-ray spectrum of a typical cement. 
The fluorine gamma-rays of 110 and 197 keV give clearly 
defined peaks. 
Examination of the homogeneity of samples was made by 
replicate fluorine analysis. The standard deviation and 
the number of analyses for each cement is given in Table 11. 
It can be seen that the homogeneity of the Transvaal and 
English samples is better than that of the Cape samples. 
In order to assess the effect of beam-spot size on the 
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Table 11. 
Sample 
English 
Transvaal 1 
Transvaal 2 
Cape 1 
Cape 2 
Cape 3 
Cape 4 
Precision of cement analyses using the 
197-keV gamma-rays 
No. of Relative Error due to 
Analyses Standard Deviation % counting statistics 
12 3.6 0.7% 
6 2.6 0.9% 
6 3.0 0.9% 
5 4.3 0.7% 
4 6.0 0.7% 
4 9.8 0.7% 
4 4.9 0. 7% 
relative standard deviation and thus guage the scale on 
which the samples could be said to be homogeneous, replicate 
analyses were carried out on the English cement using 
I 
different beam diameters. The area of the bombarded spot 
on the target was determined by the diameter of a variable 
collimator, situated 49 cm from the target. Repeat 
analyses were carried out by bombarding a fresh portion 
of the same target. For beam diameters too large to 
permit replicate analyses on the same target, new pills 
were used. The relative standard deviations obtained 
for each set of analyses are shown plotted as a function 
of collimator diameter in Figure 20. The figure indicates 
an improvement in precision as the area, and thus the 
volume of material analysed, increases. Since the range 
of the alpha particles is small (-20 µm) the volume of 
material analysed is largely dependant on the area of the 
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beam-spot on the target. Because the granularity of the 
sample is of the same order as, or greater than, the 
range of the alpha particles, it is obvious that the 
larger the number of granules irradiated the greater the 
precision of the analyses. The same trend of increased 
precision with increased bombarding-beam diameter, 
illustrated in the figure for the results obtained using 
the 197-keV gamma-ray was also observed in data obtained 
using the 110- and 1275-keV gamma-r~ys. From Figure 29 
it can thus be deduced that the cement spmples were 
I 
homogeneous to within about 8.7% (implying a relative 
standard deviation of 8.7% in the analysis) at the 1.1 mg 
sample size. This sample size corresponds to the irradiated 
volume using a 0.5 mm diameter collimator. Similarly 
the cements are homogeneous to within 5.7% at the 2.2 mg 
level (7 mm collimator). 
The determination of the fluorine content of the seven 
cements was calibrated by the use of the cements of 
known fluorine content. As explained earlier, no range 
corrections to the gamma-ray yields were necessary. The 
observed data points are shown in Figure 21, fitted to a 
line through the origin by the method of least squares. 
The determined values of the fluorine concentrations of the 
unknown cements are given in Table 12. The Transvaal 
cements show a very similar fluorine concentration, whilst 
the Cape cements show a spread with the fluorine content 
of Cape 2 approaching that of the English cement. Since 
the latter comes from a site where the fluorine content 
of the raw materials is high enough to warrant monitoring, 
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the routine analysis of Cape 2 is suggested. 
Table 12. Measured fluorine content of cements 
Cement Fluorine content % 
Transvaal 2 0.056 
Cape 1 0.108 
Cape 2 0.131 
Cape 3 0.117 
CONCLUSION 
The use of alpha-induced prompt gamma-rays for the 
analysis of fluorine has been established. The method 
yields rapid results for fluorine contents over a wide 
concentration range. These results should be corrected 
for range differences in order to attain improved accuracy 
and precision. The method offers a sensitive and rapid 
procedure for the determination of fluorine in cements 
and also serves as a check on the homogeneity of the 
product, provided the diameter of the bombarding beam is 
selected appropriately. 
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INTRODUCTION 
Steel is a very extensively used industrial material, the 
properties of which depend upon its composition and heat 
treatment. Thus the concentration of carbon in steel 
varies from about 0.1% to 1.5% by weight and largely 
determines the tensile strength of the product, while 
nitrogen, introduced in trace amounts from the atmosphere 
during manufacture, may have a detrimental effect. 
Special steels, for example, stainless steel and high-speed 
tool steel, are produced by the addition of other metals, 
those most ~ommonly used being titanium, vanadium, chromium, 
manganese, nickel, molybdenum and tungsten. Many steels 
therefore contain a range of elements in addition to the 
basic iron/carbon matrix. 
Standard steels were obtained from the U.S. Bureau of 
Standards and from the Atomic Energy Research Establish-
ment Harwell (AERE Harwell). Bombardment of these 
samples with 5-MeV 4 He+ ions permitted multi-element 
analysis. The particular element under consideration was 
nitrogen thus irradiation currents and durations were 
selected to suit the analysis of this element. However, 
it was possible si,mul taneously to determine the concen-
trations of other elements from the experimental data. 
Vanadium and manganese were chosen as examples of such 
additional analyses. Carbon and oxygen were not determined 
in the steels since the incident alpha energy was too low 
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and analysis of oxygen using the 351-keV 18 0 n(l,O) gamma-
ray was subject to interference from iron. 
Typical results were selected from those obtained to 
illustrate the multi-element capability of prompt gamma-
ray spectrometry for analysis of a matrix in which suitable 
elements occur together. 
NITROGEN 
Introduction 
The standard analytical techniques for the analysis of 
nitrogen at low concentrations are tedious and time-
consuming. A nuclear method [01 75] has been described 
which uses deuteron-induced prompt particle spectrometry 
and is capable of providing analytical information on 
nitrogen in steels, but the concentration range of 
applicability is not much below about one percent. A 
different approach also using the same technique [01 76], 
extends the determination of nitrogen to the µg/g level 
but, at the same time, places severe restrictions on the 
irradiation conditions. 
The use of the 871-keV gamma-rays from the reaction 
14N(a,py)l7Q offers a sensitivity comparable with that 
attained by the latter method whilst the experimental 
procedure is much simplified. 
Results and Discussion 
In order to determine the excitation function of the (a,py) 
reaction, foils of KAPTON were used as targets. This 
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material (C22H10N204)n, contains 7.65% w/w nitrogen and 
the foils used were 1.052 mg/cm2 thick. The energy loss 
in these foils for bombarding 4He+ beams of between 3 and 
5 MeV is about 1 MeV. A typical spectrum is shown in 
Figure 22. The excitation function obtained up to 5 MeV 
is shown in Figure 23. The resonances that are known to 
exist for this reaction [Aj 72] were not observed because 
o~ the thickness of the target foil. The curve is smoothly 
varying, and is thus well-suited for the determination of 
averag~ nitrogen contents. 
The reproducibility or precision of the method was 
examined also with a KAPTON foil target, using an incident 
+ beam· of 5-MeV 4He ions. The results of fourteen repeat 
determinations are shown in Table 13. From these values 
the relative standard deviation was better than 1.6% 
which compares well with the precisions attained for .the 
determination of fluorine as shown in Table 7, Chapter IV. 
Table 13. Precision of nitrogen determinations in 
KAPTON 
mean count/µC 
standard deviation 
relative standard deviation 
number of analyses 
533.0 
±7.98 
±1.50% 
14 
This method was applied to the analysis of nitrogen in 
steels, by measuring the yield of the 871-keV gamma-rays. 
The steel samples were Standard Reference Materials 
from the U.S. Bureau of Standards, Washington and analysed 
specimens from AERE Harwell. The SRM 1090 series of standard 
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steels from the U.S. Bureau of Standards were in the form 
of rods 6.4 mm in diameter, which were cut into discs 
1.5 mm thick. Specimens R 50 and B 19 (see Table 14) 
from Harwell measured 7 mm across and 0.25 mm in thickness, 
the remaining samples being 20 mm in diameter and 1 mm 
thick. Prior to analysis all specimens were polished to 
a mirror-like finish with fine diamond dust powder at 
the Department of Gemology, University of Stellenbosch, 
and carefully washed to remove traces of the abrasive. 
The small physical size of most of the samples compared 
with the diameter of the beam (3 mm) caused difficulties 
during irradiation since there was a possibility that a 
small change in the field of the steering magnets could 
have resulted in a portion of the bombarding beam falling 
off the target during part of the irradiation. For this 
reason samples were mounted on a silvered metal frame. 
Any beam current falling on the silver would thus be 
detected by the appearance of silver gamma-rays. Bombarding 
currents up to 250 nA were used. Typically, analyses were 
completed within 10 to 20 minutes, depending on the nitrogen 
concentration and the precision required. A typical spectrum, 
that of steel R 50, is shown in Figure 24. 
The Harwell samples B 19 and R 50 were reported to contain 
0.6 and 0.49% N by weight respectively. For the purposes 
of the present investigation these values were assumed to 
be 6000 and 4900 ppm respectively. Samples AP and BO . 
had been analysed by the Micro-Kjeldahl method. The 
nitrogen contents of all the remaining samples were not 
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certified values but were given as supplementary information 
determined by relatively few analytical procedures. It is 
therefore noted that the nitrogen content of these materials 
is not known absolutely. 
Since the analysed standards had nitrogen contents between 
4 and 6000 µg/g it was not a simple maiter to obtain the 
calibration curve over such a wide range of concentrations. 
Minor fluctuations in the high-nitrogen region will cause 
relatively little difference in the slope of the line and 
hence will have a small influence on values obtained for 
high nitrogen content steels. The same variations will 
however, materially alter the intercept of the calibration 
line and markedly change the apparent content of steels 
containing trace concentrations of nitrogen. A plot 
(Figure 25) of all the results and the best straight 
line drawn through them is shown on a log-log scale in 
order to accommodate all four orders of magnitude of the 
nitrogen content. In Table 14 the "known" values of the 
nitrogen contents are compared with "found", the latter 
being calculated form the equation of the straight line 
determined by the method of least squares. Whereas high-
ni trogen steel samples show a small relative error, low-
nitrogen steel samples have a low absolute error. For 
determining very low concentrations, the root mean square 
error, for standards within that concentration range, is 
often more significant than the relative standard deviation 
calculated for all the standards. From the data obtained 
for the low-nitrogen steel samples the root mean square 
error was found to be ± 9 µg/g, which is acceptable and 
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compares favourably with the ' error of the previously 
reported method [01 76]. The relative standard error 
in the higher nitrogen concentration region was about 
4 9, 0 • 
Table 14. Determination of nitrogen in standard steels 
Known nitrogen Fmmd ni tr,ogen 
Target Count( µC 
content, µg/ g content, µg/g 
B 19 6000 107. 240 6373.2 
R SO 4900 82.752 4915.4 
1091 837 12.539 735.6 
1000 60 3.539 119.5 
AP 49.5 1. 276 65.1 
BO 39.5 0.845 39.4 
1092 3.8 0.196 0. 76 
Root mean square error 9 
It should be noted that, in common with the deuteron 
irradiation method, Ref. 01 76, an anomalously high value 
was obtained for SRM 1090. Since no adequate explanation 
has yet been put forward to explain this result, this 
steel was not included as a standard in this investigation. 
A calibration using the steels in the low-nitrogen region 
only, thereby eliminating errors caused by extrapolation 
of data from the high-nitrogen region, yielded the 
results shown in Table 15 from which a root mean square 
error of ± 4 µg/g was obtained. 
From these preliminary results the spanning of four decades 
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of nitrogen concentration, though an ambitious undertaking, 
is not impractical, provided calibration is performed with 
sufficient care. More replicate and repeat analyses would 
provide smaller standard deviations for the individual 
data points, whilst longer irradiations would improve the 
error due to counting statistics, which is appreciable 
for the low-nitrogen samples. Only a marginal improvement 
in the results would be expected as a result of range 
corrections since all the materials have essentially 
similar stopping power. The method is obviously very 
sensitive to any nitrogen on the surface of the steel and 
thus adsorbed nitrogen could play a large role in the 
scatter of the results, and possibly yield spuriously 
high values. 
Table 15. Analyses of low-nitrogen steels 
Known nitrogen Found nitrogen 
Target Count/µC 
content, µg/g content, µg/g 
AP 49.5 1.276 53.6 
00 39.5 0.845 34.2 
1092 3.8 0.196 4.9 
~trems~re error 3.9 
The ~racticability of the detection and analysis of nitrogen 
in very low concentrations by this technique has been 
demonstrated. Potentially the method is as good as, or 
better than, other nuclear methods available. 
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OTHER ELEMENTS 
In addition to the determination of nitrogen, simultaneous 
analyses were possible on some minor constituents of the 
steels; vanadium and manganese were selected as examples 
of such analyses. 
Vanadium 
Introduction 
The addition of vanadium to steei produces a product with 
enhanced toughness, elasticity and tensile strength. 
Typically the vanadium contents of the resulting alloys 
are in the range of about 1 to 3%. Analysis of vanadium 
in this concentration range is possible using the 320-keV, 
51 V a(l,O) gamma-ray, which is free of interference from 
other elements normally found in steel. In this respect 
alpha-induced prompt gamma-rays are preferred over proton-
induced X-rays since no interference from other transition 
metals is possible. 
Results and Discussion 
Steels with vanadium contents in the concentration range 
of interest were chosen as standards. Irradiation with 
5-MeV 4 He+ ions and beam currents of the order of 250 nA 
was followed by integration of the peak corresponding to 
the 320-keV gamma-ray. The results obtained for the 
analyses, performed in triplicate, are given in Table 16. 
which lists the U.S. Bureau of Standards' concentration 
as well as the "found" value for each standard. These 
latter values were calculated from the equation of the 
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straight line determined by the method of least squares. 
The root mean square error of the analyses was ± 0.08% V 
whilst the overall relative standard deviation of each 
result was 1.7%. The calibration line obtained is given 
in Figure 26. 
Table 16. Determination of vanadium in standard steels 
Known V Found V Difference Count/µC 
Standard Difference 
content, mg/g content, mg/ g % per 1% V 
D 841 11.3 10.6 0.7 6.49 5.693 
D 838 11. 7 12.6 0.9 7.14 6.611 
D 839 15.0 15.2 0.2 1.33 6.289 
D 840 21.1 · 7D.4 0.7 3.32 6.036 
D 837 30.4 30.7 0.3 0.99 6 .37 4 
Root mean square error 0.8 
~an 6.201 
Relative standard deviation ± 1. 71% 
The results demonstrate the possibility of determining 
vanadium concentrations in the minor component range, 
rapidly and simultaneously with analyses of other elements 
in the same sample. 
Manganese 
I n t r oduct i on 
The use of the 126-keV, 55Mn a(l,O) gamma-ray for the 
determination of manganese had a good interference-free 
potential sensitivity. However in the presence of iron, 
the spectral peak due to manganese was subject to a measure 
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of interference because the 122-keV 5 7 Fe a(2,l) gamma-rays, 
although resolved from the 126-keV manganese gamma-rays, 
were not clearly separated from them, as may be seen from 
Figure 24. It was necessary therefore to use stripping 
procedures in the analysis of manganese. 
Results and Discussion 
The steels selected as standards for the analyses had 
manganese conten~s from 0.3% to 1.8%, representative of 
the range of concentrations commonly used for alloys. On 
completion of each irradiation, the peak in the spectrum 
corresponding to the 126-keV gamma-ray of manganese 
was stripped from that due to iron, by hand. The region 
of the spectrum from 110 to 135 keV was plotted on semi-
log graph paper, thus ensuring that the peaks retained 
their shapes. These shapes were then superimposed on 
each of the peaks and the resulting stripped manganese 
peak was integrated. Clearly, for routine determinations, 
computer stripping would have to be used. 
Results of the analyses are given in Table 17 which shows 
the comparison of the U.S. Bureau of Standards' value for 
the manganese content of each steel and its "found" value. 
The latter was calculated from the equation of the 
straight line determined by the method of least squares. 
The calibration line obtained is given in Figure 27. 
The root mean square error was found to be ± 0.06% Mn 
whilst the relative standard deviation was 2.65%, which 
was an acceptable result. An improvement in precision could 
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be expected as the result of increased irradiation times, 
thus improving the errors due to counting statistics. In 
addition, a change in the energy calibration of the 
spectrometer to give more channels per keV, would facilitate 
the estimation of the shape of the spectral peaks, thus 
improving the accuracy with which they are stripped, either 
manually or using computer programmes. The peak stripping 
was the most critical factor affecting the precision of 
the analyses. 
Table 17. Determination of manganese in standard steels 
Known Mn Found Mn Difference C.Ount/µC 
Standard Difference 
content, .mg/ g content, mg/g % per 1% Mn 
SRM D841 2.7 2.2 0.5 18.52 40.53 
SRM D837 4.8 5.0 0. 2 4.17 52.19 
SRM 1152 11.9 12.2 0.3 2.52 51.15 
SRM 1185 12.2 13.1 0.9 7.38 53.26 
SRM 1171 18.0 18.2 0.2 1.11 50 .46 
Root mean square error 0.6 
Mean 49.52 
Relative standard deviation 2.65 % 
Conclusion 
Simultaneous analysis of vanadium and manganese has been 
demonstrated. The precision attained for the determination 
of any particular element in such multi-element analysis 
may be improved by the careful selection of irradiation 
conditions to suit that element. However, the usefulness 
of additional information on components of the matrix, other 
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than that under direct consideration, when it is obtained 
without expenditure of additional irradiation time, cannot 
be over stressed. The sample analyses of vanadium and 
manganese were sufficiently precise for concentrations in 
the minor component range, to provide a useful illustration. 
Other elements that may be analysed in this way would be 
titanium and molybdenum for concentrations in the minor 
component range. With the use of higher energy alpha 
particles carbon and oxygen could aiso be determined. 
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APPENDIX 
ENERGIES AND ASSIGNMENTS OF ALL OBSERVED 
GAMMA-RAYS ARRANGED IN ORDER 
OF INCREASING ENERGY 
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129 
E · E y 
(keY) 
Assignment y 
(keY) 
Assignment 
54.3 Sly n(l,O) 113.0 177Hf a.(1,0) 
61 122.1 S7pe a.(2,1) 
72.8 2osBi 122.3 186W a.(1,0) 
73.0 193Jr a.(1,0) 122.7 179Hf a.(1,0) 
74.0 19p n(2,l) 125.4 18SRe a.(1,0) 
74.8 212pb 125.9 SSMn a.(1,0) 
7 5 .0 2osBi 127.2 1o1 Ru a.(1,0) 
7 7 .1 2 l 2pb 129.1 22sAc 
77.4 197Au a.(l,O) 129.4 i91rr a.(2,0) 
78.1 29si p(l,O) 129.7 19Spt a.(2,0) 
84.8 2osBi 134.3 187Re a.(1,0) 
87.2 21 2pb 136.3 181Ta a.(1,0) 
89.4 99Ru a.(1,0) 136.5 57pe a.(2,0) 
91 138.9 193rr a.(2,0) 
93 67zn a.(1,0) 140.4 195pt a.(5,1) 
93.2 178Hf a.(1,0) 151. 3 a sRb a.(1,0) 
93.3 180Hf a.(1,0) 156.9 Sly n(2,0) 
98.3 107Ag a.(2,1) 158.4 199Hg a.(1,0) 
98.9 195pt a.(1,0) 158.8 47Ti a.(1,0) 
99.1 is3w a.(2,0) 159.4 185Re a.(2,1) 
100.1 is2w a.(1,0) 165.2 is1ra a.(2,1) 
103.3 109Ag a.(3,2) 166.8 187Re a.(3,1) 
107 193Jr a.(3,1) 169.9 lOB p(3,2) 
109.9 19p a.(1,0) 177.6 167Er a.(2,0) 
111. 2 isi+w a.(1,0) 178.9 191Jr a.(4,0) 
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130 
E E y Assignment y Assignment 
(keV) (keV) 
180.0 1 9 3 Ir a(3,0) 280. 5 lOSpd a(l,O) 
181.5 170Er a(2,1) 284.8 lBSRe a(2,0) 
184.3 168Er a(2,1) 285.0 214Bi 
184.4 166Er a(2,1) 293 
184.6 67zn a(2,0) 295.0 103Rh a(3,0) 
186.0 226Ra 295.2 2 l 4pb 
191. 5 197Au a(2,1) 296.0 21or1 
197.1 19p a(2,0) 298.6 113Cd a(2,0) 
203.9 9SMo a (1 ,0) 301 187Re a(3,0) 
207.1 Sly n(3,2) 301. 4 l B lra a(2,0) 
208.2 199Hg a(2,0) 306.4 79Br a(4,0) 
211. 3 19Spt a(4,0) 311. 8 109Ag a(2,0) 
213.8 19lrr a(5,2) 313.1 39K p(2,1) 
217.0 79Br a(2,0) 316.5 192pt a(l,O) 
219.1 193rr a(4,2) 319.8 Sly a(l,O) 
230.4 S7Fe a(3,2) 322 
238.6 212pb 324.8 107Ag a(l,O) 
239.3 19Spt a(5,0) 328.3 22sAc 
241. 9 2 l 4pb 328.5 194pt a(l,O) 
261.3 79Br a(3,0) 338.7 22sAc 
268.8 197Au a(2,0) 341. 9 i11cd a(2,0) 
270. 5 22sAc 343.2 191Ir a(5,0) 
276.0 81Br a(l,O) 350.5 180 n(l,O) 
277.4 2osr1 352.0 214pb 
278.9 197Au a(3,0) 352.5 S7pe a(3,1) 
- --·- - --- .·- ... -- . - -- - -~ ~ . -- - -·--- - --- - ---
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131 
E y 
(keV) 
Assignment 
E y 
(keV) Assignment 
355.7 196pt a(l,O) 493 
357.5 103Rh a(4,0) 510. 7 20811 
358.0 104Ru a(l ,O) 511.0 B+ 
358.0 193Ir ~(4,0) 523.0 79Br a(6,0J 
361.8 I93rr a(5,0) 535.6 lOOMo a(l,O) 
363.6 4ssc a(2,l) 538.2 81 Br a(3,0) 
366.9 57pe a(3,0) 539.6 lOORu a(l,O) 
368.0 200Hg a(l ,O) 540 
373.8 llOpd a(l ,O) 547.5 197Au a(6,0) 
397.4 79Br a(5,0) 555.8 104pd a(l ,O) 
407.2 198pt a(l,O) 556.6 102pd a (1,0) 
411. 8 198Hg a(l,O) 558.3 114Cd a (1,0) 
415.1 109Ag a(3 ,0) 563 7 6Ge n,n'(l,O) 
416.9 23Na n(2,0) 564.1 s 3Cr a(l,O) 
423.1 107Ag a(2,0) 573 
433.9 108pd et(l,O) 583.0 19p n(l,O) 
439.4 202Hg a(l,O) 583.1 2os11 
439.9 23Na a(l ,O) 583.7 113Cd a(6,0) 
440.0 llOpd a(2,l) 585.1 2sMg a(l,O) 
463.3 22sAc 595.9 74Ge n,n'(l,O) 
475.1 102Ru a(l,0) 598.2 lOB p(2,l) 
477.6 7Li a(l ,O) 604 
477.6 7Be 606 .o 79Br a(7 ,0) 
480.9 97Mo a (l ,O) 608.4 74Ge n,n'(2,l) 
481 608.9 51 v a(2,l) 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
132 
Assignment 
E y Assignment 
Ey 
(keV) (keV) 
609.3 214Bi 806 
617.4 i12cd aCl ,O) 810.6 SBfe a(l,O) 
637.0 19p n(4,3) 829.6 23Na n(3,l) 
657.7 llOCd a( 1 ,O) 834.0 72Ge n,n'(2,0) 
666 834.8 54Mn 
666.0 214Bi 835.3 s4cr a(l,O) 
669.6 63cu a(l ,O) 843.8 24Mg p(l,O) 
677.2 27Al n(l,O) 843.8 2 7Mg 
691. 2 72Ge n,n'(l,O) 843.8 27Al a (1 ,0) 
709.0 27Al n(2,0) 846.8 56pe a(l,O) 
718 858.4 ssMn a(2,l) 
718.3 lOB a(l,O) 860.5 208Tl 
727.2 212Bi 870.8 14N p(l,O) 
749.2 4BTi n(l,O) 871.0 94Mo a(l,O) 
754.9 26Mg n(2,l) 884.8 73Ge n,a(l,O) 
768 l OB p(3,l) 889.2 46Ti a(l,O) 
768.7 211+Bi 890.9 19p n(3,0) 
770.8 6Scu a(l,O) 894.2 72Ge n,n'(4,2) 
778.3 96Mo a(l ,O) 899.2 39K p(3,l) 
783.3 socr a(l ,O) 900 
786.2 95Mo a(2,0) 911. 2 228Ac 
786.7 23Na (1809-2me) 929 s iv a(2,0) 
787.4 98Mo a(2,0) 934.8 214Bi 
795.0 210Tl 962.1 63cu a(2,0) 
795.0 22BAc 964.4 22BAc 
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133 
E E y Assignment y Assignment (keV) (keV) 
968.8 22aAc 1235.81 19p a(3,l) 
983.4 48Ti a(l,O) 1238.0 214Bi 
984 1262.7 27Al p(2,l) 
991.S 64zn a(l,O) 1266.1 zasi p(l,O) 
' 
1002.S 23Na p(4,2) 1266.1 3lp a(l,O) 
1014.5 24Mg p ( 2 ,0) 1273.3 26Mg n(l ,O) 
1014.5 27 Al a(2,0) 1273.3 29Si a(l,O) 
1039.4 66zn a(l,O) 1274.6 19p p(l,O) 
1040 1275 
1066 1279.9 19p n(5,2) 
1077.4 6Bzn a(l,O) 1290.8 1 1 B (2313-2m ) 
e 
1099 1297.7 2 3Na (1809-m ) 
e 
110 5. 4 3lp (2127-2m ) 1311.2 27 Al p(5,2) e 
1115.5 Gs cu a(2,0) 1332.0 27Al p(6,2) 
1120.4 214Bi 1348.6 19p a(4 ,1) 
1129. 7 23Na p(2,l) 1357.0 19p a( 5,2) 
1145.6 35Cl (2168-2m ) 
e 
1368.6 24Na 
1155.4 214Bi 1368.9 19p n(6,l) 
1176.1 3 1 p p(2,l) 1378.0 214Bi 
1193 1395.1 180 n(2,l) 
1209.8 35Cl p(2,l) 1400.1 19p n(7 ,1) 
1211.8 zasi (2234-2m ) 
e 
1406 
1213.5 27Al (2236-2m ) 
e 
1408.0 214Bi 
1213.5 3osi (2236-2m ) 1411. 7 2 3Na p(7,2) e 
1223 1454.0 27Al n(3,0) 
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134 
E E y Assignment y Assignment (keV) (keV) 
1458.5 19p a(4,0) 1732.1 24Na (2754-2me) 
1460.8 37 c1 p(l,O) 1756 
1460.8 40K 1764.0 214Bi 
1463.9 72Ge n,n' (3,0) 1778.9 25Mg n(l,O) 
1509 .0 214Bi 1778.9 2ssi a(l,O) 
1524.2 39K p(l,O) 1779.6 23Na p(3,l) 
1527.9 19p n(4,0) 1793.8 26Mg n(4,l) 
1534.1 27Al p(3,l) 1801.8 llB (2313-m ) 
e 
1552.2 27Al p(4,l) 1808.7 2 3Na p (1 ,o) 
1570.4 19p (2081-m ) 1849.5 214Bi 
e 
1588.3 22sAc 1896.7 23Na p(8,2) 
1592.0 2osBi (2614-2m ) 1916.4 23Na (2938-2m ) e e 
1592.5 2osr1 (2615-2m ) 
e 
2028.2 26Mg n(2,0) 
1594 96zr a(l,O) 2081. 4 19p p(2,l) 
1616.4 3 1 p (2127-m ) 
e 
2103.0 208Bi (2614-rne) 
1633.8 170 n(l,O) 2103.5 2osr 1 (2615-me) 
1642.5 35Cl p(3,l) 2127.4 3lp p(l,O) 
1656.6 35Cl (2168-me) 2132.2 23Na p(4,l) 
1693.0 214Bi (2204-me) 2160. 4 19p (3182-2me) 
1701 2167.6 3sc1 p(l,O) 
1720 2204.0 214Bi 
1722.8 28Si (2234-m ) 2212 e 
1724.5 27Al (2236-m ) 
e 
2233.8 28Si p(2,0) 
1724.5 3osi (2236-m ) 2235.5 27Al p(l,O) e 
1728 . 0 214Bi 2235.5 3osi a(l,O) 
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135 
E y Assignment 
E y Assignment 
(keV) (keV) 
2243.1 24 Na (2754-m ) 3062 e 
2281. 5 31 p (3304-2m ) 
e 
3086 lOB p (1 ,0) 
2312.8 llB n(l,O) 3092.4 23Na p(9,l) 
2327.9 2sMg (2839-m ) 3173.2 1 OB (3684-me) 
e 
2425.6 26Mg n(3,0) 3182.4 19p p(3,l) 
2427.4 23Na (2938-m ) 
e 
3258.6 2 7 Al (3770-m ) e 
2438.0 180 n(3,l) 3303.5 3 1 p p(2,0) 
2476.2 27Al p(2,0) 3343 lOB (3854-m ) e 
2511.1 23Na p(5,l) 3417.2 i2c (4439-2m ) e 
2523.6 23Na p(6,l) 3498.2 27Al p(2,0) 
2541.4 23Na p(7,l) 3684.2 lOB p(2,0) 
2573.9 27Al p(5,l) 3769.6 27Al p(3,0) 
2594.7 27Al p(6,l) 3854 lOB p(3,0) 
2613.5 170 n(2,l) 3928.2 12C ( 4439 -me) 
2614.0 2oaBi 3987 
2614.5 2oar1 4439.2 i2c a(l,O) 
2662.2 lOB (3684-2m ) 5108.7 160 (6131-2m ) e e 
2671.4 l 9p (3182-m ) 5619.7 160 (6131-me) e 
2747.6 27Al (3770-2m ) 6130. 7 160 a(2,0) e 
2754.1 24Na 
2792.5 31 p (3304-me) 
2832 lOB (3854-2m ) e 
2838.9 25Mg n(2,1) 
29 38. 4 23Na p(2,0) 
2987.2 27Al (3498-m ) 
e 
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Table 2 
Some analyses of cements. using the 197 keV gamma-rays 
Fluorine content, "/a wt 
Cement 1 Cement 2 Cement 3 Cement 4 
0.269 0.280 0.259 0.256 
0.265 0.284 o. 257 0,258 
0.269 ·0. 282 0.258 0.256 
0.272 0.293 0.260 0.264 
0.273 0.273 .. o. 255 0.268 
0,258 0.249 0.264 0,256 
Mean o. 267 0.217 0,259 0.260 
Rel. stand, de~. ~2 05% ~5. 37o/o !1. 22% ~l. 960/o 
* 
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10' 
Ill 101 i 
u 
102 
10' 
••F ••F 
200 300 
"o 
nO.O) 
350 
UNo 0• 
n(2Cl) 511 
416\;~~) 
439 
400 500 600 700 800 900 1000 
Channel number 
Channel number-
Fig. 7; Typical prompt gamma-ra  spectrum obtained from cement 
bombarded with 5 MeV 4He + ions. Gamma -ray peaks from , 
fluorine are marked but their energies are omitted. (For gamma-
ray energies from fluorine, see Fig. 5) 
Some of the results are given in Table 2. The observed standard deviation 
is of the same order as the measured precision, except for one sample, 
where the difference is ascribed to inhomogeneity. -
The total volume of material analysed is determined by the diameter 
of the beam used and the effective range of the alpha~particles fn the 
ma~rix which at th~se energies is very small. It can be calculated that the· 
total mass .sampled is of the order of o. 5 mg. The accuracy of the analysis 
will then depend on the extent to which this small sampled mass represents 
the bulk of the material. For control purposes the cited results were · 
considered to be sufficiently accurate. 
It may· be pointed out that the resul~ of the N. I. M. standards reported 
.fn the previous section show a remarkable degree of homogeneity. 
J. RadioanaL Chem. 32 ( 1976) 115 
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Material 
CaF2 
Fluorspar 
63/70 
Fluorspar 
9/69 
114 
-. 
Mean 
Table 1 
Precision of the method 
Known 
fluorine Counts per 
content, 110 keV 
o/owt 
46. 86 546.6 
549.2 
551.4 
548.2 
539.5 
537.9 
540.7 
575. 9 
562.5 
574. 1 
. 46. 89 555.9 
556.7 
562.2 
560.7 
544.3 
538.3 
40.19 551.7 
560.4 
553.9 
547.9 
554.4 
557.0 
555.8 
553.27 
Rel.; stand. dev. tl. 84o/o 
µC per lo/o F 
197 keV 1275 keV 
761. 9 103.1 
768. 9 102.2 
769. 1 103.2 
768. 3 103.9 
767. 2 102.1 
766.9 103.6 
766. 9 102.1 
786.4 105.0 
779.2 103.4 
783.4 102.8 
771. 3 102.9 
778.1 104.6 
782. 5 104.8 
778.2 103.1 
767. 9 103.4 
764.5 103.5 
765.1 100.1 
774. 6 100.3 
770. 7 102.7 
760. 9 100.9 
772.8 102.7 
772.4 102.2 
771. 1 101.9 
771.68 102.80 
;tO. 89o/o :tl. 24o/o 
J. Radioanal. Chem. 32 (1976) 
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19F(a,cx'rl"F 
Sequence 1346 '?; el 
\ !:! ::! 4 
3 
2 
1 
0 
1236 
~ 
1\° " " .co I!! 
"F 
1459 keV 
1346 
197 
110 
·o 
"F (a,nT )21Na 
1281 369 1401 
7 ........_1 / 
5":: 
" 
~ .., 
\!2. <D 
4 
~ 
3 
2 
r:! 5~3. 
1 
0 
22 Na 
,)984 keV 
1952 
1528 
891 
656 
583 
0 0 
19F(a,prl''Ne 
687 
J 
I 
<ii 
2 
"' 
" -~
2165 5521 keV 
::5360 
-..5335 
'-5144 
/ 
N 
"' . ;;; 
'4457 
-3355 ·- - . 
1275 
0 
Fig. 6. . Decay transitions resulting .in observed gamma -rays for the reactions 
19Ft-<X, a' y)19F, 19F(a, ny)22Na and 19F(a:, py)22Ne 
results for these are given in Table 1, using· each of the gamma-rays 110, 
197, 1275 keV as a measure of the fluorine content. The observed relative 
standard deviations :were 1. 84, O. 89 and 1. 24"/o, respectively. The improved 
precision using the 197 keV as compared to that using the 119 keV gamma-
rays reflects the decreased efficiency of measuring the lower energy radiation. 
The good precision using the 1275 ~eV gamma~rays is ascribed to the 
comparatively lower background in the vicinity of this energy. 
Sensitivity of the method 
Attempts to deduce the practical sensitivity limit of the method were 
made using targets consisting of sm!lll knowri amounts of aqueous solutions 
: of NaF evaporated on backings of carbon._ Backings of tantalum could not 'be 
used because of the large number of low energy gamma-rays this element 
generated. Although tpe precision of the results decn:~ased with decreasing 
fluorine content, it was found that· fluorine contents of the order of 100 ng 
could still be measured and concentrations of 10 ppm could be detected. 
8 
Application to cement analyses 
Cement samples from local producers were analysed by the method of 
prompt gamma-ray spectrometry. A typical spectrum is shown in Fig. 7. 
J. Radioanal. Chem. 32 (1976) 113 
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i X>' 
l 10' 
.. 
2 
u 
10• 
10' 
10• 
l 
! 10' 
.. 
~ 
10' 
Fig. 5. 
0(1D) a(2Q 
110 197 
nC2.0 
73 
n(l.0) 
583 
n(lO) 
891 
n• 
511 
XlO 200 JOO /,()() 500 600 "100 800 900 000 
Channjt ~r 
p(lO) 
1275 
n(61) 
1369 
1100 1200 1/,()() 1500 T7()() 1IOO 1900 
Prompt !amma-ray spectrum of calcium fluoride bombarded with 
5 MeV He+ ions. Peak energies are given in keV and the peak 
assignment is written in the convention described in the text. 
Gamma-rays from calcium were not observed 
Precision of the method 
Using the mixtures of calcium hydroxide and calcium fluoride described 
·above, repeat and replicate analyses were carried out using the intensity of 
the 197 keV i'-rays as a measure of the fluorine content. Samples covered the 
fluorine range from O. 8 to 32, 8°10 by weight and the relative standard 
deviation of the results was !fJ°lo. Since the statistical precision based on the 
count rate was far better than this value it was deduced ~hat this relative 
standard deviation referred largely to the degree of inhomogeneity of the 
mixture. 
A more detailed test of the precision was carried out using accurately 
analysed fluorspar standa,rds from the Na~onal Institute for Metallurgy. The 
112 J. RadloanaL Chem. 32 (1976) 
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. . 
the heavy product nucleus from level r to level s. If the target nucleus. can 
be inferred unambiguously it may be omitted. All prompt. g!lm~a-ray peaks,· 
in spectra .reported in this paper are labelled according to. this convention. · 
Fig. 5 shows the intense peaks from gamma-rays of 110, 197 .and 1275 ke\f 
each of which can be used fqr analytical purposes. The gamma ~rays of 
583 keV appear to be intense btit the signal to background ratio' in ·this region 
of the spectrum is detrimental to attaining good precision. Strong peaks were 
......... 
Target 
' -~~· -~ ·. /r - ., 
'!8!llll Aluminium . 
~ El<'ctrical ·insulation 
I 4 ' I I I I 6 8 10 cm 
Annular 
detector 
.... ~ 
',,/\',/ 
.(. 
Si surface 
barrier .. detec~or . 
Fig. 4. The construction of the scattering chamber for analysi's . 
. . .. : 
. ;· .. 
obsetved•corresp.ondihg"to.'gamma-rays of. 87, 110, ·1:97, 1236, 1355 ·and . ,. 
1459 keV that ·:could •J;e·,assigned to the··decay of ·excite'd levels of}.~F produced 
by' (~. ·a'y) inelastic scattering.: Jn: addition gamm~ •rays from ·the r·eaction .: : 
1 ~F(a, ny)22Na ·were .observed with energies of 73, 583, · 6:J7, 891,. 1281,' 1369 
.and 1528 keV 'as well:ias· the 511-.keV annihilation gamma-.ray. The·;.strong · 
1275 gamma-ray already mentioned and the gamma-rays of 687, · 2081, '" 2165: : 
and 31'82 keV were observed from ·the reaction 19F(a;' py)22Ne .. The: origin _ 
of these prompt gamma-rays is shown. diagrammatically; in Fig. :6. .. 
[Radioanal.'Che~: 32 (1976} 111 
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the chamber, Secondary electron loss from the target could take place at 
two points, through the beam entrance aperture and through the collimator 
in front of the surface barrier detector, but their combined solid angle 
subtended at the target was negligibly small, 
Irradiation and measurement 
The sample pills were mounted in a target holder placed normal to the 
direction of incidence of the bombarding beam. The axis of the Ge(Li) 
detector was at an angle of 45° and. the surface barrier 135° to the incidence 
direction, Both detector_s could be shifted away from the target to cope with 
excessive count rates but could be positioned to cover a large solid angle 
when warranted by the low count rate. 
Beams of 5 MeV 4He + ions collimated to 3. 5 mm in diameter were 
used to generate the prompt gamma-rays. Beam currents were adjusted so 
that the deadtime in the multichannel analyser did not exceed 100/o, With 
this restriction the beam currents ranged from 10 te 100 nA, When qualitative 
data were accumulated, irradiations lasted about 30 minutes each, but 
during routine analysis on materials with fluoride content 0, 1 % or more 
sufficient counts were accumulated within a much shorter time. 
· Results and discussion 
E n e r g y s p e c t r u m o f p r' o m p t g a m m a - r a y s 
A typical gamma-ray spectrum obtafoed from the irradiation of calcium 
fluoride is shown in Fig. 5, Under the co'lditions of the experiment gamma -
rays from calcium were not observed in the spectrum. In the figure the 
energies corresponding to the peak positions are given in keV. 
Prompt gamma-rays are emitted from the product nucleus .of a reaction 
but the analyst is really concerned with that component of the sample on 
which the nuclear reaction was carried out. Accordingly, for analytical 
purposes, it is more meaningful to label spectral peaks with the· target 
nucleus. In defining the conditions of the -analysis the nature of the 
bombarding beam is known and need not be stressed; thus the reaction is 
uniquely identified if the light product irarticle is given. Accordingly the 
follow~ng convention is used for peak assignment, 6 
In the nuclear reaction 
A(a, by)B 
peak assignment is written A b(r, s) where b is the prompt light particle of 
the reaction and the gamma -ray quantum is emitted by the de-excitation of 
110 J. Radioanal. Chem 32 (1976) 
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20. 
. .. ~·· 
83 
. 
110 
5 
I)() 200 300 
"°° 20 Channel nunber 
l 15 
l 
.. 10 
2 
u 
~ 
5 
20 100 200 300 
"°° . Cl-alnel number 
Fig. 3. Comparison of spectra generated by fast neutrons in two different 
Ge(Li) detectors. The presence of fluorine peaks in the upper curve 
is clearly evident 
annular surface barrier· detector for charged particle measurements near 
180° scatter. 'the wall of the scattering ch!lmber in front of the Ge(Li) . 
detector was· thinned to reduce absorbtion of gamma •rays. 
Because· it is ·essential that' the total bombarding current be accurately 
integra_ted, the chamber was constructed as a self-contained Faraday cup, 
electrically insulated from the beam tube and from all the detectors. 
Collimation of the bombarding beam was achieved in the beam tube outside 
the chamber. The beam entered the chamber through an aperture about 5 mm 
in diameter in front of which was. placed an anti-scatter copper collimator 
electrically charged to -300 V to prevent secondary electrons from entering 
J. RadioanaL Chem. 32·(1976) 109 
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e>. (Li) detector 
Mul1ichannel 
analyser 
E.H.T. 
Si slM'face bcrrier 
detector 
Prwamplifi« 
'Pow..-
Bias supply 
Fig. 2, Block diagram of the electronic apparatus 
elements in the sample matrix. Data from the multichannel analyser were 
stored on magnetic tape and processed by computer. 
It was necessary to monitor the neutron yield from the sample under 
bombardment. Some Ge(Li) detectors contain fluorine in their assembly and 
these are known5 to show characteristic fluorine gamma -ray peaks in spectra 
collected under neutron bombardment. When such a detector was used, 
background effects were corrected for through the use of the monitored 
neutron count, At a later stage. it was possible to select a Ge(Li) detector 
which showed a drastically reduced fluorine content. Spectra generated by 
fast neutrons in each of these detectors are shown in Fig. 3, 
The scattering chamber 
The irradiations were carried out in a scattering chamber specially 
designed for analytical purposes. Although constructed for simultaneous use 
with five detectors (Fig. 4) in this investigation only two of these were 
used, the surface barrier and the Ge(Li) detectors. The remaining three 
positions that were available were ports for a Si(Li) X-ray detector, a thin 
planar intrinsic germanium detector for low energy gamma -rays and an 
108 J. Radioana/. Chem. 32 ( 19 76) 
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occur with much reduced probability. The Coulomb barrier for alpha-particles 
is much higher than for protons or deuterons, hence at energies of a few 
MeV alpha-particles cause reactions with far fewer nuclei. In practice the 
cross-section for 5 MeV alpha-particles falls to a negligible level if the 
atomic number of the target nucleus exceeds 16. When, therefore, inelastic 
scattering is used for the analytical <leterinination of fluorine, interference 
from heavier nuclides is much reduced by the utilisation of alpha -particles 
as the means of excitation. 
Experimental 
Preparation of standards and samples 
Samples for bombardment, whether standard or· unknown, were crushed 
and pressed into pills· with a diameter of 13 mm, using a 10 -ton press. In 
a few cases where ·the material itself did not form a suitable pill, a known 
weight of binder, usually ~Br o~ bo~ax, was added to a weighed amount of 
the material and the analytical results were then corrected for the dilution 
effect. 
Chemically pure fluorides of many different metals were bombarded in 
order to establish the identity of the large number of gamma -ray peaks 
recorded in the spectrum. The yields of fluorine gamma -rays from these 
pure fluorides served to establish the linear relationship between yield and 
~ concentration, and were used to construct a coarse calibration. 
Standards of known· fluoride content were prepared by mixing known 
weights of calcium fluoride and calcium hydroxide in the solid state in a 
mill. Since it is known that such mixing may result in a product that is not 
always homogeneous an attempt was made to improve homogeneity, by 
combining suspensions of known amounts of each of these materials in hexane 
under agitation with uitrasonic sound waves, and subsequently removing the 
hexane by distillation. Analyses of the different mixtures later showed that 
there was no discernible difference in homogeneity_ of the products. 
For the final calibration homogeneous powdered samples of the standard4 
fluorspar materials, 9/69, 42/70, 63/70, 27 /72 and 36/72 were obtained 
from the National Institute for Metallurgy, Johannesburg, South Africa. 
The.electronic measuring system 
A block diagram of the electronic system is shown in Fig. 2. Essentially 
there are three separate measuring systems counting gamma-rays, charged 
particles and neutrons. The gamma -ray spectra are required for the analysis, 
while the charged particle data are used to obtain information on tqe major 
J..Radioanal. Chem. 32 (1976) 107 
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I. S. GILES, M. PEISACH: DETERMINATION OF FLUORINE 
gamma-rays resulting from inelastic scattering of alpha-particles on a cal-
cium fluoride target are shown in Fig. 1. 
The inelastic scattering reaction 
19F(a, a~19F 
.. ' 
causes excitation of the fluorine nucleus which on prompt decay emits 
gamma-rays characteristic of the excited levels of 19F. This Coulomb 
excitation occurs by purely electromafetic interaction between passin$ 
charged particles and nuclear protons. As long as the energy of the 
bombarding particle is below the Coulomb barrier, other types of reaction 
.'!! 
5 
"' e 
~ 
0 
,;, 
i 
c: g 
Fig. 1. 
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Excitation function for the gamma-rays of 110. and 197 keV 
generated by bombardment with 4tte+ ions from 3 to 5 MeV .. 
The inset shows the yield from the· proton-induced resonance2 
J. Radioanal .. Chem, i2 (1976) 
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DETERMINATION OF FLUORINE 
BY THE SPECTROMETRY OF PROMPT GAMMA-RAYS 
I. S. GILES, M. PEISACH 
Southern Universities Nuclear Institute, P. 0. Box 17, Faure, 7131 
(South Africa) 
TI1e use, for analysis, of prompt gamma-rays excited by S MeV alph~particles from 
the reactions .1.'F(a,a'-y)19 F, 1 'F(a, n7)22 Na and "F(a, P1')22 Ne, was studied. The 
precision of the analy.ses depended on the gamma-ray energy used for the measurement. 
Relative standard deviations were ±1.8, ±0.9 and ±1.3% using the 110·.. 197- or 1275 
keV gamma-rays. The method was tested with N. I. M. standard materials of calcium 
fluoride and fluorspar, and was used as a rapid method for the determination of fluorine 
in cements. 
Introduction 
Nu~lear methods for the determination of fluorine frequently make use 
of resonances in the reaction · 
19F(P,. a y)l6o 
and the one most often usedl occurs for a· proton energy of 1375 keV: a 
smaller resonance is also observed at 1348 keV. The gamma-rays emitted 
are from exclted levels of l6o and those used for analytical purposes have 
· energies of 6. 058 MeV, 6. 138 MeV and 7 .. 122 MeV, The use of these 
gamma-rays enables very sensitive depth determination to be made because 
the cross -section of the reaction iS very high over the short proton energy 
range of the resonance. On either side of the resonances the cross .. section 
falls to a very low value. 2 The yield is thus highly sensitive to· fluorine 
concentratfon, changes in the proximity of that part of th~ particle range · 
where the energy passes through the resonance. 
By contrast the gamma-rays produced as a result of inelastic scattering 
are much less sl1bject to drastic yield changes. The use of such gamma-ray 
yields for analyses is much more suitable. for. the determination of a.verage 
fluorine concentrations,. The excitation· functions for two of the different 
J. Radioanal. Chem. 32 (I 9 76) 105 
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Prompt gamma-rays are generated by bombardmen~ with 
relatively low-energy alpha particles through Coulomb 
excitation and, in the case of some elements, by nuclear 
reactions. In general, excitation functions for such gamma: 
rays are smoothly varying. When thick targets are bombaided 
the yields increase smoothly with energy and hence such 
yields can readily be. used for analytical purposes. Pre-
viously protons have been used for analysis but alpha particl~s 
have the following advantages 
(1) The number of different gamma-ray energies from 
nuclear reactions is low, resulting in a simplified 
spectrum for analysis. 
(2) Interference from heavier elements can be reduced by 
varying the bombarding energy because the Coulomb 
barrier increases with the Z of the target more 
rapidly than with protons. 
(3) Gamma-ray producing nuclear reactions suitable· for 
analysis occur with light elements giving characteristic 
peaks in relatively underpopulated regions of the 
spectrum. 
(4) Heavy metal X-rays that may be generated are little 
absorbed within the target thickness corresponding to 
the range of the alpha particle. 
In this work 57 elements were studied in a survey to sel~ct 
those that can be analysed by this method at alpha-particle 
bombarding energies of S, 11 and 16 MeV. 
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Amongst the light elements, useful applications of this 
technique can be expected for the determination of lithium, 
boron, carbon, nitrogen, oxygen, fluorine, sodium, aluminium, 
silicon and phosphorus. Carbon and oxygen would require 
higher energy alpha particles to excite the 4439-keV level 
in 12 C and the 6131-keV level in 16 0. Yields of gamma-rays 
from decay of these states were measured with 11- and 16-MeV 
alpha particles. 
Some medium weight elements also yield suitable low-energy 
gamma-rays that could be used for qualitative and quantitative 
analysis, the most promi~ing cases being vanadium, manganese, 
rhodium, palladium and silver. Those heavy elements for 
whi~h this approach offers analytical potential are tantalum, 
rhenium, platinum and gold. 
As a result of the initial s11rvey the elements selected for 
more detailed study were nitrogen, fluorine, manganese and 
vanadium. 
Analyses based on the very intense gamma-rays of LlO, 197 
and 1275 keV from fluorine proved to be sufficiently sensitive 
to determine this element in concentrations of the order of 
parts per million. This method was applied to the determin-
ation of fluorine in cement samples containing that element 
in concentrations between 0.05 and 0.15% by ~eight. The 
precision of the method was ~etter than 1% after a twenty-
minute bombardment. This method of fluorine analysis is 
sufficiently precise to be used for detecting inhomogeneities 
in solid samples. Quantitatio~ was effected through the 
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use of National Institute for Metallurgy standards and 
pure materials, the data from which necessitated the use 
of range corrections owing to their ~idely differing 
compositions. 
The use of the 871-keV gamma-rays from 14 N offers a 
sensitivity comparable with that attained by the method. 
using the reaction 1 4 N(d,p)l5N which has previously been 
used for the analysis of steels, but the present method has· 
the advantage that the irradiation conditions are not 
critical. Gamma-ray spectroscopy of steel samples proved 
useful for the determination of nitrogen even for concen-
trations in the parts per million range. Also analysed in 
steel~ were manganese and vanadium which are both common 
constituents of specialised alloys. 
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Atomic and Nuclear Excitation Methods 15 
7. Determination of Fluorine by Spectrometry· 
of Prompt Gamma Rays, /. S. Giles, M. Peisach 
(So. Univ Nucl lnst-S. Africa) 
Nuclear methods for determination of fluorine fre-
. ~uently make use of resonances in the 19 F(p,ay)190 
reaction which result in the emission of characteristic 
gamma rays1 between 6 and 7 MeV. Use of these gamma 
rays has the disadvantage that the yield is sensitive to 
fluorine concentration changes in the proximity of that 
part of the particle range where the ene~gy passes 
through the resonance energy. By contrast, gamma rays 
produced by inelastic scattering are less subject to 
drastic yield changes, and analyses using the yields of 
such gamma rays are more suitable for determining 
average fluorine concentrations. To decrease the number 
of possible sources of interference. a-particle beams 
were chosen as the means of excitation. 
Pure fluorides were bombarded with 5-MeV 4He+ ions 
. and the prompt gamma rays were measured in a 50-cm3 
Ge(Li) detector approximately at right angles to the 
beam. Intense peaks were observed corresponding to 
gamma rays of 87, 110, 197, 1236, 1355, and 1459 keV 
that could be assigned to the decay of excited levels of 19 F 
produced by (a,a ') inel:lstic scattering. In addition, 
gamma rays from the '"F(a,nyf2Na reaction were ob-
served with energies of 73, 583, 637, 891, 1281, 1369, and 
1528 keV as well as the 511-keV annihilation gamma ray 
from the positron decay of ,,Na. Some gamma rays were 
also noted from the •PF(a.p)= 2~e reaction, but these were 
not su!Iiciently intense fo·r analytical purposes. 
Despite the apparent complexitY. of the gamma-ray 
spectrum, the low-energy r,amma rays of 110 and 197 keV 
were so intense th:it relatively short irradiations could be 
used !or the analyses and the rest of the spectrum could 
be lcnored. The estimated sensitivity for fluorine anal• 
ysls ls on the order of parts per million. 
-
The method was applied !or rapid determination of 
!luorlnc in cement samples in which the fluorine concen-
tration commonly varies between 0.1 and 4%. For 
fluorine concentrations in this ran~e, bombardments with 
JOO-nA currents required about 20 min to obtain an 
integrated count with better than 0.2SO statistical preci-
sion. Under these conditions, precision of the analysis Is 
determined by other experimental parameters, the most 
Important of which is the sampling· error. Since the 
charged-particle method analyzes a relatively small 
portion of the specimen, reliability of the result will 
depend on the extent to which the small analyzed portion 
represents the bulk of the material. 
Absolute calibration of the method was attempted by 
preparing mixtures of finely powdered CaF2 and Ca(OBlz 
to yield powders with average fluorine concentrations 
ranging from 1 to 40SO. Approximately 1-g·specimens of 
these powders were pressed into pellets which were 
analyzed by prompt-gamma-ray spectrometry. The rela-
tive standard deviation of replicate analyses over the 
whole range of fluorine concentrations was 6%. It ts 
inferred that the largest component in this error is 
inhomogeneous mixing. 
1. E. MOLLER and N. STARFELT, Nucl. ltistrm. Meth-
ods, SO, 225 (1967). 
·"-
Reprinted from Transactions of the American Nuclear Society, 21 Suppl. 3 (1975) 15. 
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Fundamental Contributions, Technical Development 
RECENT DEVELOPMENTS IN THE ANALYTICAL 
APPLICATION OF PROMPT SPECTROMETRY 
I. S. GILES,* C. OLIVIER,** M. PEISACH* 
*Southern Universities Nuclear Institute, P. 0. Box 17, FAURE 7131, (South Africa) 
**Chemistry Department, University of Stellenbosch, STELLENBOSCH 7600, (South Africa) 
(Received November 15, 1976) 
A survey of the possibilities of analysis by alpha-induced prompt gamma-ray spectro" 
metry is reported for 57 elements at a bombarding energy of 5 MeV. Additional data 
obtained at 11 and 16 MeV are given. Interference-free sensitivities are presented. The use 
of the position sensitive detector is introduced to overcome problems such as occur in 
prompt alpha spectrometry from (p, a) reactions. The technique is illustrated by studies 
on the reaction 1 9. F(p, a) 1 6 0 and severely tested for boron analysis using the reaction 
1 1 B(p, a) •Be and :measuring the a 0 and a, groups. 
Introduction 
The emission of particles or radiation resulting from a nuclear reaction can occur 
either during the reaction or from the radioactive products that are formed. Both 
these processes can find application for elemental analysis. The oldest and most 
widely used techniques rely on emission of the latter type where advantage is taken 
of the delayed decay of the product enabling it to be measured after the reaction 
has occurred or at a site remote from the irradiation position. It is implicit in this 
l technique that the product be radioactive, and reactions which lead to the formation 
of stable products a.re thus eliminated from possible analytical application. No .such 
restriction applies to analytical methods based on the former type of emission where 
t prompt products are measured during the irradiation. In principle the distinction be-
tween these two procedures is obvious, but in practice the boundary between .. them is 
determined by experimental conditions and the live-times of the products. It can thus 
happen that short-li'Ved radio-nuclides are measured by prompt techniques while long 
lived metastable states use delayed methods. Currently the boundary is accepted to be 
half-lives of the order of 0.1 µs. 
J. Radioanal. Chem. 37 (1977) 141 
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In this work results are presented of recent studies on 
(a) the analytical use of prompt gamma-rays induced by alpha-bombardment, in 
which a survey is made of the most intense gamma-rays observed from some 
50-odd elements; and 
(b) the application of position-sensitive detectors for analysis by prompt particle spectro-
metry. 
Analysis by alpha-induced prompt gamma-ray spectrometry 
Prompt gamma-rays are generated by bombardment with relatively low energy alpha 
particles through Coulomb excitation and, in the case of some light elements by .nuclear 
reaction. Since in general the excitation functions for such gamma-rays are smoothly 
varying, the yield from thick targets increases smoothly with energy and hence can 
readily be used for analytical purposes. Previously protons have been used 1 •2 but alpha 
particles have the advantages that 
(1) the number of different gamma-ray energies from nuclear reactions is relatively 
small, resulting in a simplified spectrum, 
(2) interference from heavier elements can be reduced by decreasing the bombard-
ing energy, because the Coulomb barrier increases with the atomic number of the 
target nucleus more rapidly than with protons, 
(3) gamma-rays from nuclear reactions with light elements give characteristic peaks in 
relatively underpopulated regions of the spectrum, 
(4) prompt X-rays which may be generated from heavy metals are sufficiently energe-
tic to escape from the irradiated region of the target with little absorption. 
· Fig. 1 shows diagrammatic outlines of the periodic table'. in which the elements that 
are listed are those studied in this investigation with 5, 11 'ttnd 16 MeV alpha particles, 
respective} y. 
Experimental 
Where appropriate, elements were bombarded in the metallic state in the form 
of discs or sheets about 1 mm thick which were "infinitely'=; thick to the bombard-
ing beam. Powdered compounds were compressed to pellets 13 mm in diameter, but 
when the material did not form pellets easily or where in8ufficient powder was avail-
able the target material was housed in a small target cell with a beam entrance win-
dow of Kapton 8 µm thick. In all cases the Ge(Li) detector which measured the 
gamma-ray spectra was mounted outside the aluminium irradiation chamber opposite 
a portion of the wall that had been thinned to reduce absorption. Bombarding cur-
142 J. Radioanal. Chem. 3 7 ( 19 77) 
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Fig. l. The elements entered in the outline of the periodic tables show the elements that have 
been studied with 5 MeV alpha particles (top), 11 MeV (middle) and 16 MeV (bOttom) 
rents were adjusted to ensure that the dead time of the counting equipment did not 
exceed 10%. 
Recorded spectra were stored on magnetic tape and analysed off-line by computer 
stripping programmes. 
J. Radioanal. Chem. 3 7 ( 1977) 143 
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Fig. 2. Prompt gamma-ray spectrum of nitrogen as obtained from the bombardment of barium 
nitrate 
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Fig. 3. Prompt gamma-ray spectrum of fluorine as obtained from the alpha bombardment of cal-
cium fluoride 
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Fig. 4. Prompt gamma-ray spectrum from the alpha bombardment of metallic rhenium 
Results and discussion 
Typical spectra for the elements nitrogen, as measured from barium nitrate;, fluorine, 
from calcium fluoride, and metallic rhenium are sJ:iown in Figs 2, 3 and 4, respectively. 
Only those gamma-rays that may have potential use for analysis are annotatea. In each 
case the energy of the gamma-ray is given together with its origin according to the con-
144 J. Radioanal. Chem. 3 7 ( 19 77) 
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vention A b(r, s), where A refers to the target nucleus and b the light prompt product 
emitted from the reaction A(a, b )B, and r and s are the initial and final states of B de-
fining the emitted gamma-ray.3 This nomenclature has the advantage that it stresses the 
target element, which is of interest to the analyst. It is clear from these spectra that the 
number of gamma-rays excited is small so that the occurrence of double peaks in a spec-
trum is rare and accordingly simple stripping programmes can be used to obtain peak in-
ten.sities with the concurrent advantage that the computation time per spectrum is re-
duced tci a minimum. 
Sensitivities 
From measured spectra interference-free sensitivities were computed with the crite-
rion that the sensitivity cited represents the concentration of the element for which 
the nett integrated counts under the peak was three times the standard deviation of 
the background over which the peak was measured. Table 1 lists the results obtained 
for some of the elements studied and includes results obtained from irradiations with 
alpha particle beams of 5, 11 and 16 MeV. From the table it is evident that the me-
thod is sufficiently sensitive to determine elemental concentrations in the parts per 
mil range. In a few cases the sensitivity extends well below this. 
Light elements 
Useful application of this technique can be expected for the determination of car-
bon, nitrogen, oxygen, fluorine. sodium, silicon and aluminium. In all these cases tge 
Coulomb barrier is sufficiently low to allow detectable yields of gamma-rays from nu-
clear reaction even with 5 Me V particles. The exceptions are 12 C and 16 0, not be-
cause of Coulomb barrier effects, but because their first excited levels decaying by gam-
ma emission are respectively 4439 and 6131 keV above the ground state. 
The use of the 871 keV gamma-rays from 14 N offers a sensitivity comparable with 
that attained by the me1liod using the reaction 14 N(d, p) 15 N which has been used 
1 for the analysis of steels,4 but has the advantage that the irradiation conditions are 
not critical. This method can therefore also be used for the routine determination of 
nitrogen in steels. 
• Oxygen analyses can be carried out either through the use of the 350 keV gamma-
ray from 111 0 or by measuring the 6131 keV gamma-ray from 16 0. The former suffers 
from the disadvantage that this heavy isotope has a low abundance in nature (0.205%) 
and the latter from the fact that high energy alpha-particles have to be used, and that 
therefore the measurement would have to be made i,n the presence of appreciable neu-
tron fluxes generated by (a, n) reactions. 
J. Radioanal. Chem. 37 (1977) 
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Table 1 
Some results on interference-free sensitivities for alpha-induced prompt gamma-ray spectrometry 
Element E'Y 
Sensitivities 0 I 0 0 
S MeV llMeV 16 MeV 
N 871 0.1 - -
0 350 2.9 1.6 -
5 109 - 0.2 0.1 
5 620 - 0.4 0.2 
6 131 - 0.2 0.2 
F llO 0.6 0.1 0.1 
197 0.2 0.1 0.1 
583 0.4 0.1 0.2 
1 275 0.2 0.2 0.2 
Na 417 1.5 0.1 0.1 
439 0.8 0.1 -
1 809 0.3 0.1 0.2 
Si 1 784 55.6 0.2 0.3 
2 244 5.2 0.5 0.5 
Ti 159 2.3 26.3 -
983 4.4 3.2 1.5 
v 320 0.9 - -
930 42.8 - -
Cr 564 41.8 - -
Mn 126 0.6 - -
Cu 669 15.2 - -
Zn 995 15.9 1.9 3.0 
1043 50.0 1.9 3.4 
y 1 530 15.6 7.5 -
Mo 204 9.0 - -
785 50.4 '5.5 -
Ru 127 30.6 - -
470 32.7 - -
Rh 357 0.8 0.5 1.0 
Pd 374 3.6 0.4 3.7 
434 4.5 0.3 13.8 
Ag 309 2.1 2.7 3.5 
325 2.0 2.5 3.8 
Ta 137 1.1 0.8 1.7 
w 122 2.4 8.3 -
Re 125 3.0 1.6 3.0 
134 1.2 4.6 8.5 
167 12.0 3.8 4.1 
Pt 329 4.3 1.9 1.3 
356 9.5 2.5 1.9 
Au 279 5.2 3.1 -
146 J. Radioanal. Chem. 37 (19 77) 
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Nevertheless, both these reactions can be used for analysing high oxygen content 
. materials such as geological ores. In addition the 180 reaction can be used as a rapid 
means of determining this isotope in studies involving enriched material. 
Fluorine has already been analysed by this method5 in materials such as cement 
which contains fluorine from below 0.1 to about 4%. Sodium and aluminium are usu-
ally present in many matrices as major or minor but not trace constituents; they can 
therefore be determined by this method analogously to the technique used previously2 
with protons. 
Medium weight elements 
Few medium weight elements are determinable with sufficient sensitivity by Coulomb 
excited prompt gamma-ray spectrometry. The most promising elements in this region 
are vanadium, chromium, manganese, yttrium, rhodium, palladium and silver. Vanadium 
and manganese which often are important constituents in steels can be determined by 
the present method. Silver and palladium can be analysed by alpha-induced Coulomb 
excitation similar to the method described earlier' where proton-induced excitation was 
used. 
Heavy elements 
Tantalum, platinum and gold yield relatively high intensity low energy gamma-rays 
which show promise for determining these elements. 
The use of position sensitive detectors for analysis 
by prompt particle spectrometry 
The position sensitive detector (PSD) is a surface barrier detector constructed from 
n-type silicon, with the p-n junction formed by boron, implanted to form a resistance 
chain across the face of the detector surface and the implantation process controlled 
so that this resistance is optimised to obtain information on the position of impact of 
a charged particle. The amplitude of the signal obtained from one end of th~ resistance 
chain is proportional to Ex/l where x is a measure of the position of impact of a parti-
cle energy E and l is the length of the detector surface. This amplitude pulse is in coin-
cidence with a pulse proportional to energy from the surface barrier mode of the detec-
tor. By suitably recording both these pulses energy spectra may be recorded as a func-
tion of detector position. 
J. Radioanal. Chem. 37 (1977) 
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Principle of the analytical method 
Analytical methods that make use of prompt charged particle spectrometry have 
to cope with a high flux of back-scattered bombarding particles. When the target is 
thin these particles do not seriously hinder the analysis, but thick targets cause such 
a high flux of back-scattered particles to reach the detector that the dead-time of the 
measurement becomes large and may introduce serious errors in the analysis. To over-
come this problem several approaches may be used, such as particle identification de-
vices, commonly a dE/dx detector placed in front of the surface barrier detector with 
suitable electronic circuitry, or the bombarding beam may be drastically reduced to 
prevent pile-up. However, the energy spectrum of the back-scattered particles will co-
ver a large portion of the energy region thereby introducing a synthetically high back- '. 
·ground for low energy particles. For this reason analyses based on reaction with low 
br negative Q-values are not often used. When the reaction is highly exoergic the mea-
sured particles will usually have an energy far exceeding that of the back-scattered part_. . 
icles and it then is possible to use an absorber of suitable thickness placed immediately 
in front of the detector to absorb back-scattered particles, while transmitting the prompt 
reaction· products of interest. Even this approach is limited to the case where the requir-
ed particle has a higher penetration than the- back-scattered ones. 
Many reactions in which alpha particles are produced have potential application for 
analysis, especially those that are highly exoergic such as 19 F(p, a) 160 and 11 B(p, a) 
8Be. Unfortunately the penetration of alpha particles is much less than that of pro-
tons. In Fig. 5 the range of the main alpha particle groups from these two reactions 
are compared with that of scattered protons from the substrate as a function of the 
bombarding energy. If the absorber technique is used, Fig. 5 shows that bombarding 
energies are limited to about 1.9 MeV in the former reaction and about 1.5 and 1.0 
MeV in the latter when the a0 and a 1 -groups are measured respectively. This tech-
nique was, however, used6 to determine boron in steels by carefully balancing the 
bombarding proton energy and the absorber thickness, thereby sacrificing optimum 
sensitivity. 
The increased cross section that can be attained with high energies could there-
, fore not be used with advantage then. In the present work a new approach is de-
:scribed which overcomes this problem. 
When a magnetic field is interposed between the target and the detector, the paths 
of the required prompt alpha groups and the scattered protons will then be altered so 
that they no longer arrive at the same point on the plane of the detector. By using a 
PSD the position pulses will enable the different particles to be distinguished. Since the 
energy of the scattered protons will be far less than that of the alpha particles they 
148 J. Radioanal. Chem. 3 7 (19 77) 
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Fig. 5. The range in gold of backscattered protons and alpha-groups from fluorine and boron-II 
as a function of the bombarding energy 
will be deviated further. It then becomes possible to shift the detector so that most of 
the scattered particles fall off the detector while the required alpha particles may be 
measured without loss. Accordingly, alpha particle spectrometry can be used without 
the concurrently large increase in the dead-time of the measuring system, while yet 
enabling comparatively high intensities of bombarding beam to be retained. This work 
describes in principle the application of this method to the use of (p, a:)-reactions for 
the determination of fluorine and boron without dealing with the details of the analysis. 
Experimental 
High temperature distillation in vacuum was used to prepare fluoride targets as 
deposits of known thicknesses of CaF2 on tantalum. Boron targets of elemental boron, 
boron nitride and boron-containing materials such as glass powders and tourmaline ores 
were prepared by centrifugation from alcohol suspensions onto aluminium and tanta-
lum. 7 
Targets were bombarded with 3 MeV proton beams of 3.5 mm diameter and mea-
surements were made in a direction 135 ° to the bombarding beam defined by a colli-
mator of 0.5 mm. The PSD was mounted on a rotatable arm in the scattering chamber 
at a convenient distance from the target. An electromagnet capable of generating a field 
of up to about 3 kilogauss was mounted between the target and the detector with the 
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Fig. 6. Block diagram of the electronic equipment 
deflection plane parallel to the measuring length of the PSD. Without any magnetic field 
the position pulses from the PSD were calibrated by rotating the detector arm through 
different angles within the range ± s· 0 , thus altering the point of incidence on the PSD! 
The energy pulses of the PSD were calibrated by the use of scatterers with different 
atomic numbers and from the known energies of the alpha groups from fluorine and 
boron. 
A block diagram of the electronic apparatus is shown in Fig. 6. In this investigation 
the energy and position pulses were each spread over 64 channels of the multi-channel 
analyser resulting in a 64 X 64 channel matrix. Spectra were viewed on the CRT display 
of the multi-channel analyser as a three-dimensional figure in isometric display where 
the z-axis referred to counts per channel. Data were recorded on magnetic tape and pro-
cessed off-line. 
Results and discussion 
Spectra from backscattering 
After the detector and measuring systems had been calibrated both with regard to 
energy and position axes, the plateau spectrum obtained from a thick target of iron 
was recorded and the measuring equipment was then again tested with magnetic fields ~ 
first in one direction and then in the other. The combined spectra are shown in Fig. 
7 where the central reef represents the spectrum obtained with the magnetic field 
switched off. The reefs on either side are spectra obtained under identical conditions ., 
but with magnetic field switched on in different directions. 
The broadening of the reef toward lower energy (the upper portion of the figure) is 
due to poorer resolution. Although the current flowing through the magnet was the 
same in both directions the difference between the distances by which the outer reefs 
were deflected from the original position is ascribed to hysteresis in the magnet. The 
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~·-
Fig. 7. Backscattered spectra from thick iron with magnetic field off {central reef) and on in either 
direction {other two reefs) 
Fig. 8. Spectrum from calcium fluoride ·without magnetic field 
Fig. 9. Spectrum from calcium fluoride with magnetic field on 
blank regions along the top were caused by electronic cutoff. From Fig. 7 the 
amount of deviation caused by the magnetic field can readily be discerned and shows 
that the detector can easily be shifted to eliminate unwanted low energy particles. 
Application to fluorine determination 
Spectra shown in Figs 8 and 9 were obtained from a target of calcium fluoride with 
the magnetic field off for the spectrum in Fig. 8 and on for that in Fig. 9. Not only 
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is the a 0 -peak position slightly changed, but the backscattered protons can be seen 
materially diminished in intensity by the effect of the magnetic field. In addition, pile-
up effects which cause encroachment of apparent backscattered protons in the region 
between the true backscatter plateau and the a 0 -peak is entirely eliminated. The result 
was that the bombarding current could be increased from 110 to 250 nA while at the 
same time the1 dead-time of the measuring equipment fell dramatically from 20% to 2%. 
Fig. 10. Spectrum from boron without magnetic field. Note _how the a, -peak rides on the pile-up 
slope 
A further test showed that the average current could be increased to 700 nA while yet 
retaining the dead-time to an acceptable level of about 10%. The implication of this 
effect is that analyses can be carried out in about 1-7th of the time with the same 
precision, or, that the sensitivity can be improved by almost an order of magnitude, 
without increase in bombarding time. 
This case is, however, not a true test of the possibilities of this new technique, be-
cause of the very large energy gap between the a 0 -group and the scattered protons. 
Application to boron determination 
The determination of boron using the reaction 11 B(p, a) 8Be has the advantage 
that the more abundant 80.2% boron-11 is used for the measurement, in contrast 
with previous methods 7 which used the ( d, p )-reaction on the 19 .8% abundant bo-
ron-10. There is therefore the inherent advantage of using analytical methods based 
on more abundant isotopes. The (p, a)-reaction produces two groups of a-particles 
both of which can provide a useful measure of the boron content. However, the 
cross section of the reaction leading to the emission of the 11 B(ai)-group is markedly 
greater than that for the formation of the 11 B(a0 )-group. It is therefore advan-
tageous both from the point of view of sensitivity and of precision to make use 
of the a 1 -group. 
Typical spectra obtained from boron-containing samples without and with the 
magnetic field are shown respectively in Figs 10 and 11. In Fig. 10 the a 1 -group is 
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shown riding on the slope of the backscatter pile-up while in Fig. 11 the same group 
is clearly free from such interference. This reaction therefore provides a more strin-
gent test of the usefulness of the present technique. 
The same effect of current increase was observed here as was the case with fluo-
ride described above. Typical analyses of samples containing boron in the 1 o/o-range 
could be completed with a bombarding time of less than one minute ,using currents 
11 B (p,o1J &ee 
Fig. 11. Spectrum from boron with magnetic field on 
between 200 and 500 nA, while the dead-time increased respectively only from 5 to 
9%. However, with such high currents there was the danger of damage to the target, 
so that for routine analyses it was preferred to increase the measuring time to about 
10 min while using currents of about 100 nA. 
Conclusion 
This survey of the potential use of alpha-particle induced prompt gamma-ray 
spectrometry shows that the method has potential for the determination of several 
elements, particularly in those cases where the elements are present as minor com-
ponents with concentrations in the parts per mil range. The method has the advant-
age that the experimental procedure is simple and the target preparation is not critical. 
It has also been shown that prompt alpha-particle spectrometry from (p, o}reac-
tions can be used for analysis with little or no interference from backscattered pro-
tons, by measuring with position sensitive detectors when magnetic deflection is em-
ployed. The spectra obtained are simple to interpret and point to improved resolution, 
with a potential improvement in sensitivity and precision. Quantitative data are cur-
rently being accumulated and will be reported elsewhere. Analyses can be carried out 
under these conditions much faster than was the case previously especially under rou-
tine conditions. 
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INTRODUCTION 
When fluorine occurs as a relatively minor component in geological 
material or industrial raw materials of geological origin, analysis of the 
fluorine content is usually preceded by a digestion process in which the 
fluoride is solubilised or in distillation of hydrogen fluoride under 
controlled conditions 1• Such analyses are usually tedious and time -
consuming. Accordingly fluorine is seldom determined in cements, because 
the procedures cannot yield results sufficiently rapidly to be of value 
for process control. 
Consideration of the nuclear methods available for determining fluo-
rine shows a di vis ion of the techniques into activation analysis and 
prompt spectrometry. When the former is carried out with neutrons, 
thermal neutrons result in the formation of I I. I-sec 2°F while fast 
neutrons form 109.8-min 18F, both of which are produced in relatively low 
yields and hence analyses are not sensitive. Charged particle activation 
is usually subject to interference from oxygen, a component that is 
present in high concentrations in the materials discussed here. By con-
trast, prompt methods make use of specific properties of the 19F-nucleus 
so that analyses are less subject to interference, yield results 
relatively quickly and, where high precision is needed, it may be achieved 
by extending the duration of the bombardment. 
The prompt nuclear method previously used depended on the measure-
ment of prompt garrnna-rays that are emitted from the high resonances that 
occur in the reaction 19F(p,ay) 16o at proton energies of I 348 and 
I 375 keV. This technique is sensitive and well-suited for measuring 
spatial distribution of fluorine concentration, because the resonance is 
sharp thus limiting the region of analysis. In order to determine 
aver-age fluoride concentrations, the val\te most often required, the method 
reported here is preferred2• This method uses the inelastic scattering 
of alpha particles from the reaction 19F(a,a'y)l9F, the excitation 
function of which is more smoothly varying with bombarding energy. 
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EXPERIMENTAL 
The cement samples were pressed into 13 mm diameter pills, about 
2 mm thick, by means of an hydraulic press. These were bombarded with 
beams of 4He+ of 5 MeV. At this energy the range of particles is about 
20 µm, so that the pills were effectively infinitely thick. The beam 
diameter was collimated to 3.5 mm diameter and the bombarding current 
·varied from 50 to JOO nA depending on the dead time of the gamma-ray 
spectrometer. 
Spectra were measured with a Ge(Li) detector placed about 10 cm from 
the p~int of irradiation, and the data were stored on magnetic tape for 
off-line processing. Analyses could be completed within 20 minutes. 
RESULTS AND DISCUSSION 
The lower energy levels of 19F that may 
be excited by 5 MeV alpha particles in the 
reaction 19F(a,a'y) 19F and their de-excita-
tion gamma-ray energies are shown in Figure I. 
Figure 2 shows a spectrum observed from a 
cement sample containing fluorine. Only the 
lower energy gannna-rays are s u ff i c i en t 1 y 
intense to be used for analytical purposes. 
The gamma-ray of 583 keV resulted from the 
reactio~ 19F(a,ny) 22Na and that of I 275 keV 
"FIA,llC1TJ"f" 
'"';"]" !Hn .,,_ l • 1J46 
. ; 
l -f "' ~ . co:J 
Figure I: Some energy 
levels of 19F. 
from 19F(a,py)2 2Ne. The gamma rays of 110, 197 and I 275 kcV were 
selected in this study as a measure of the fluorine content of the sample. 
Figure 2: 
CHANNEL NUMBER 
Prompt gamma-ray spectrum from alpha-bombarded cement . 
• 
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TABL! '1 
PRECISION OF THE METl!OD 
Values given in counts per 1.1C for 1% F v/v 
CaP2 
fluospar 63/70 Fluospar 9/69 
46.86% p 46.89% F 
40.19: p· 
110-keV 197-keV 1275-keV 110-keV 197-keV 1275-keV 
110-keV 197-keV 1275-keV 
546.6 761.9 103.1 555.9 771. 3 
102.9 551. 7 765.1 100.1 
549.2 768;9 102.2 556. 7 778.1 
104.6 560.4 774.6 100.3 
551.4 769.1 103.2 562 .2 782.5 
104.8 553.9 770. 7 102. 7 
548.2 768. 3 103.9 560. 1· 778.2 103. I 
547.9 760.9 100.9 
539. 5 767.2 102.1 544.3 767 .9 103.4 
554.4 772.8 - 102.7 
537 .9 766.9 103.6 538. 3 764.5 103.5 
557 .0 772.4 102.2 
540.7 766.9 102.I 
555.8 771. I 101.9 
575.9 786'.4 105.0 
562.S 779.2 103.4 
574.1 783.4 102.a 
Mean valuel 553.27 tl.841 (110-keV) 
771.68 ;0.59% (197-keV) 
102.80 ±l.24% (1275-lteV) 
The precision of the analytical procedure w~ tested using Fluorspar 
standards obtained from the National Institute of Metallurgy. The results 
of repeat and replicate analyses are given in Table I for each of the 
selected gamma-ray energies. In all cases the relative precision was 
better than ±27.. Differences in the precision obtained from the use of 
the respective gamma-rays reflect the statistical errors in counting of 
both peak and corresponding background. This precision is acceptable 
for this investigation. From the intensities of the gamma-rays and from 
similar analyses of specimens containing fluorine at a much lower concen-
tration level (O. 1%) it was deduced that the method would be sensitive to 
fluorine concentrations of the order of some tens of parts per million • 
• 
Cement samples from South African and overseas sources were analysed 
for their fluorine c~ntent. Some typical results are listed in Table 2 
together with the measured relative precisions for each sample. 
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TABLE 8 
TYPICAL RESULTS OF CEMENT ANALYSIS 
Fluorine Relative I Number 
Sample C"incentration Standard of 
(% w/w) Deviation Analyses 
(%) 
English 0.130t 3.6 12 
Transvaal I 0.051 2.6 6 
Transvaal 2 0.049 3.0 6 
Cape I 0.093 4.3 5 
Cape 2 0.116 6.0 4 
Cape 3 0.103 9.8 4 
Cape 4 0.091 4.9 4 
t Used as standard. 
All the specimens contained fluorine below 0.2% by weight. It is interes-
ting to note that the relative precision for the various analyses ex -
ceeded that obtained with the standard fluorspars. The increased scatter 
of the results is ascribed to the inhomogeneous nature of the material. 
The effective mass of cement sampled by the bombarding beam is of the 
order of 0.25 mg. Ally deviation from homogeneity at this sample-size 
level may be expected to be shown by the final result. This conclusion 
was borne out on check analysis carried out on mixtures' of calcium fluo-
ride and calcium hydroxide prepared by mixing the solids mechanically. 
In all cases these mixtures gave results with a higher variation than that 
obtained for the standards, but which approximated to those obtained with 
cements. 
CONCLUSION 
The method of alpha particle induced prompt gamma-ray spectrometry 
offers a sensitive and rapid procedure for determining fluorine in cements. 
The technique also serves as a check on the homogeneity of the product, if 
the diameter of the bombarcling beam is suitably selected to decrease the 
size of the sampled material. 
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CORRECTING FOR RANGE EFFECTS IN THE CHARGED 
PARTICLE ANALYSIS OF COMPLEX MATERIALS 
I. S. Giles, M. Peisach 
Southern Universities Nuclear Institute 
P. 0. Bo,x 17, Faure 7131, South Africa 
Received 1 November 1976 
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A simple method based on backscattering data is proposed as a 
rapid procedure for correcting for range effects in charged 
particle analysis of infinitely tbick targets. Improvements in 
accuracy and precision are thereby attained. 
INTRODUCTION 
When charged particles are used to analyse thick, homogeneous samples, 
the yield of the measured nuclear product depends on the number of nuclei 
of the required element encountered along the path of the bombarding beam. 
This number is itself determined by the concentration of the element and 
the range of the bombarding particles in the target material. Since analysts 
are usually interested in the concentration, a knowledge of the· range is 
required but this parameter is difficult to determine. One usually resorts 
to one of the followiilg three approaches: 
a) the experimental procedure of the "equivalent thickness" methodi'; 
b) the semi-empirical calculation of the "average cross-section" 
2 
method ; or 
c) comparison with standards 3, where it is assumed that the stopping 
power of the standard is approximately equal to that of the unknown 
sample. 
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None of these procedures can be used when the composition of samples 
in a batch is unknown and varies markedly, but the number of samples of 
any one type is too small to warrant the manufacture of a suitable com-
parison standard. 
If the elemental composition of a material can be determined, the range 
R of the particle in the matrix can be obtained from tables calculated for 
elements 4• 5 and the approximate summation rule 6 
_1_ =I wi 
R . R. 
_l 1 
where W. and R. are respectively the weight fraction and thecorrespond-
1 1 . . 
ing range for each of the component elements. In this report an easy 
method is proposed for determining the empirical composition of a complex 
matrix thereby enabling the calculation of the range. It is assumed that 
only the major components will contribJ.te appreciably to the stopp~ng 
power of the sample and that the error introduced by ignoring minor and 
trace components is negligible compared to the accuracy of the analysis 
being undertaken. 
An empirical composition whicih can be used to carry out range correc-
tions for charged particle analysis may be deduced from a Rutherford 
backscattering spectrum of the thick target. A single spectrum sufficient 
for characterization can be recorded at the same time as the analysis 
whether prompt or delayed. The composition is deduced from backscatter 
events in the surface and near-sti.rface layers of the target where penetra-
tion is minimal and energy losses within the sample can be neglected. A 
disadvantage of using Rutherford backscattering is the fact that the back-
scatter cross-sections for light elements are relatively very small. How-
ever, the ease with which the heavier elements can be determined and an 
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empirical composition deduced are such important advantages that they 
outweigh the above disadvantage. 
The nature of the sample analysed is seldom entirely unknown. In many 
metal samples, for example, the analyst knows that he can safely ignore 
the presence of light elements in range calculations because their con-
centrations are too low to affect the accuracy of his result. On the other 
' 
·hand geological material is likely to contain oxides, the presence of which 
can safely be taken into account from a knowledge of the metal composi-
tion, even though the observed spectrum gives only slight indication of the 
presence of oxygen, because of its low backscatter cross-section. 
PRINCIPLE OF THE METHOD 
Rutherford backscatter spectra from infinitely thick targets ideally 
consist of a series of steps 7 , the energy of which can be used to determine 
the mass number of the component and the height of which is proportional 
to the atomic concentration in the material. It is assumed that the ma-
terial is homogeneous. When such a spectrum is differentiated8 the 
differential will consist of a series of peaks, the maxima of which cor-
respond to the energies' of the inflection points at the steps in the original 
spectrum whilst the areas under the peaks .correspond to the step heights. 
SUch spectra can easily be handled by available computer programes ahd 
areas under peaks in the differentiated spectrum can readily be integrat-
ed. 
Since all the elements in a particular target are thus determined from 
a single bombardment the number of counts recorded for each element 
will be proportional to the product of its atomic concentration and back-
scatter cross-section. The latter can be calculated from a knowledge of 
the peak position even though the element may be identified with an error 
of a few units of atomic number. (The assumption is made here that the 
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stopping powers of elements of approximately equal atomic number would 
be sufficiently alike and acceptable within the error of determination) . 
Accordingly, the relative atomic concentrations, N./N,, of any two 
l J 
elements i and j in the sample can be calculated from 
N. h. 
l l 
-.-=-· N. h. 
J J 
. where h represents the integral step height. 
The Rutherford backscatter cross-section, f3 is calculated from: 
2 
0 =(\:• e )' 
where 
(Ml cos 8 + M2 cos o() 
2 
f(M,e) = ----_..;;;.--2 . 
M2 cos ol 
sin 
Ml 
M2 
sine 
¢ = ol + e 
(1) 
(2) 
(3) 
The subscripts 1 and 2 refer respectively to bombarding and target nuclei 
of mass M and charge Z . e. The incident beam has an energy E and the 
backscattering is measured at a laboratory angle e. 
From concentration ratios involving all the elements under considera-
tion ·an approximate empirical composition can be calculated. If light ele-
ments are known to be present their expected backscatter yields can be 
compared with the observed spectrum for confirmation. Finally the ap-
propriate range can be calculated from tables. 
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APPLICATION TO GEOLOGICAL MATERIAL 
The following example arose from an investigation of a charged particle 
method for determining fluorine 9 by measuring the yield of prompt 
gamma-rays. Geological standards used for calibration were fluospars with 
different fluorine contents, obtained from the National Institute for Metal-
lurgy, Johannesburg. It was found that a plot of the measured gamma-ray 
yield against the fluorine content of the material was not linear, but two 
linear calibration lines could be fitted to the data corresponding to the 
two different geological ore types (see Fig. 1). The line which fitted the 
high fluorine content standards corresponded essentially to calcium 
fluoride-rich ores. The other line represented ores with a high iron oxide 
content. It was interesting to note that the lines passed acceptably close 
to the origin, but had negative and positive intercepts respectively. 
Since the stopping power of these ores would be materially different, 
the above method was applied to all the data used for the calibration. A 
18000 - // 
1sooo- / 
<;_ 12000 '<>< ~9000>- // 
1::::/ 
0 ~..._..._~~1~,__..1~~1~~~1..._..._1~~'__..__..1~ 
0 6 12 18 24 30 36 42 48 
Fluorine content, % w/w 
Fig. 1. The variation of alpha-induced prompt gamma-ray yield with 
fluorine content uncorrected for range effects showing two lines 
corresponding to two essentially different ore types. Error bars 
correspond to 95% confidence limits of NIM standards10 
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0 F 
t t Fluorspar NIM 27/72 
Ill 600 
-c 
:> 
0 300 u 
0 
600 700 800 900 1000 1100 1200 1300 
Channel number 
Fig. 2. Alpha particle backscatter spectrum from a thick target of NTh11 
standard material Fluospar 27 /72. Unmarked peaks and steps 
are due to prompt reaction products. E rX. = 5 MeV, 8 = 135° 
Fig. 3. Differentiated spectrum of the same data as shown in Fig. 2. 
Abscissae have been plotted on the same scale as in the previous 
figure 
typ idal backscatter spectrum of a sample is shown in Fig. 2, and its 
differential in Fig. 3. Unmarked steps and. peaks in the figures other than 
statistical fluctuations may be ascribed to nuclear reactions occuring 
within the specimen. From the original and differentiated spectra the 
empirical composition of the sample was derived. 
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As an example the data obtained from Figs. 1 and 2 are given in Table 1. 
It should be noted that it is irrelevant for the present purpose whether 
these elements were correctly identified or not. It is only important that 
the bombarding beam of alpha particles behaved as if these elements were 
present in the observed proportions at the bombarded spot on the target. 
Froxp. these data the ranges were calculated and the measured gamma-ray 
yield of the analysis was expressed per unit range in order to normalize 
the results from all the standards. The corrected data is shown plotted 
in Fig. 4. As exp~cted, the points now lie on a single straight line. The 
TABLE 1 
Example of empirical c<;>mposition derived from back-
scatter data 
Element Fe Ti Sc Ca F O 
Atomicfraction 0.308 0.036 0.023 0.238 0.226 0.169 
~3000 ' / 
i2400 ' / ' 
~ 1800 / 4 1200 .,,./ 
:600 / 
8 ° "'"' 6 I 12 18 24 30 36 42 48 
Fluorine content % w/w 
Fig. 4. Data from Fig. 1 corrected for range effects 
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GILES, PEISACH: CHARGED PARTICLE ANALYSIS 
line shown in Fig. 4 was drawn through the origin and fitted to the points 
by the method of least squares. 
The example shows not only that range corrections were necessary, 
but that the method used was sufficiently accurate for the purpose. 
APPLICATION TO FLUORIDE-HYDROXIDE MIXTURES 
During the same investigation standards were prepared by mixing to-
gether known weights of calcium fluoride and hydrated calcium oxide. It 
may have been expected a priori that' the ranges in mixtures. of such com-
pounds would not vary significantly with the mixture composition. 
Replicate analyses showed that the mixtures were homogeneous within 
6-8% at the milligram level sampled by the beam. It was therefore ex-
pected that experimental values of yield per unit concentration (A) of the 
TABLE 2 
Effect of range correction on' precision 
F, % Yield per 1% F =A A per unit range 
0.808 2.03. 0 29.20 
1.120 185.1 28.61 
1.617 185.0 30.89 
2.279 168.6 29.16 
3.216 158.5 28.20 
4.931 148. 7 27 .10 
6.395 147.2 27 .09 
9.164 160.3 29.80 
12.31 146. 8 27. 23 
18.01 158.7 29.25 
24.32 148. 3 26.97 
32.81 160.8 . 28. 67 
Mean 164.25 28.51 
Error .:t18. 5 .:tl. 66 
Error% 11. 25% 5.82% 
Number of analyses = 36. 
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analysed element (fluorine) would show a standard deviation of about the 
same amount. Experimental values for the series of mixtures gave a 
standard deviation of the parameter A about double that expected even 
though a plot of yield as a function of elemental composition did not 
visibly deviate from linearity. 
When range corrections were applied as before, but using the known 
composition of the mixtures, the relative standard deviations of all the 
results fell to the expected value. An example of the results obtained using 
the intensity of the 197 keV gamma-ray is summarised in Table 2, where 
the values given are the mean values for each composition. This case in-
dicates the improvement in precision obtained for samples where the need 
to apply range corrections is not immediately obvious. 
CONCLUSION 
Empirical elemental compositions of infinitely thick targets can be 
obtained from backscatter data. Such compositions may be used to calculate 
approximate ranges of the bombarding particles in the target material. 
Corrections for different ranges may be made to enhance the accuracy and 
precision of the analyses. 
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